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THE EFEECT OF NaCl ON THE PH^VGE-BACTERIUM 
REACTION* 

nv E J SCRIBNER ASD A P KRUEGER 
{frem the Department of Baetenotogy University of California, Berheley) 

(Accepted for publication, Jfay 11, 1937) 

Investigations dealing mth the effects of salts on baetenophage have 
been rather limited m scope and predominantly qualitative or roughlj 
quantitative in character For the most part efforts have been 
restricted to pointing out analogies between the balaneed salt solutions 
required for the gron th of common living organisms and those requi 
site for phage production WTute the former data are essentially 
accurate and subject to adequate control the corresponding expen 
ments with phage suffer from a lack of controlled experimental 
conditions and also from the use of inaccurate methods for determining 
phage quantitatiicly 

Consequently it is not surprising that there is no general agreement 
in the literature about salt effects For example Brutsaert (1-2) 
concludes that phage may develop and bactcnal lysis take plaee in 
peptone water without salt Ciuca (3), Lisbonne and Carrere (4), 
and da Costa Cruz (5-7) on the contrary hold that electrolytes are 
essential for both phage production and bactcnal lysis Arloing and 
Chavanne (8) and Bordet and Renaux (9) stress not onlj the necessity 
for electrolytes in bactenophagy but also the importance of the par 
ticular electrolyte used The observations of Bordet (10), Stassano 
and de Beaufort (11), Plantcureux (12), and Anaau-x (13) indicate that 
the calaum ion is necessary for the lytic action of phage on bactena 

Burnet and McKie (14) report experimental evidence for the pro 
tective action of divalent ions against inactivation of phage by heat 
and dyes In Bronfenbrenner’s work (15-16) it appears that the 
greater the concentration of electrolytes, the greater the percentage 
inactivation of phage by alcohol and acetone 

* Supported by Grants m Aid from the National Research Counal and The 
Amencan Medical Association 
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EFPECT OF Nad ON PHAGE-BACTERIUM REACTION 


Krueger and West (17) in an analysis of the kinetics of the phage- 
bactenuna reaction in the presence of the manganous ion find that 
extremely small concentrations of ]\ln++ cause an acceleration of 
lysis due to a lowenng of the lytic threshold, i e , the ratio of phage to 
bactena requisite for lysis There is a concomitant increase in the 
extracellular phage fraction and a decrease in the total quantity of 
phage produced 

Northrop (private communication) has noted that the presence of 
increased concentrations of sodium chloride during the period of 
reaction between phage and susceptible organisms leads to an aug- 
mented end titre of phage We felt that a study of this reaction 
might furmsh a better understanding of the way electrolytes effect 
bactenophagy and might also be of aid m analyzing the mechanisms 
of phage production and bacterial lysis 

Methods 

1 Quantitatue determinations of phage were routinely made by the activity 
method of Krueger (18) 

a Umt of Phage Defined — The minimum quantity which will cause complete 
Ij'sis when added to a total of 12 5 X lO'^ cells of S aureus (a 16 hour culture grown 
on agar and counted by the centnfuged sediment method of Krueger (19)), in a 
total \ olume of 5 ml of beef infusion broth held at 36°C at pH 7 4, in infinite 
time 1 X 10“^° ml of tlie standard phage prepared by adding 1 ml of phage to 
2 X 10^ staph} lococa contained in a total volume of 100 ml of broth and allowng 
the mixture to h’se, sufiices to produce lysis under these conditions and therefore 
contained 1 X 10'° units of phage per ml 

b Since there is a linear relation between the time of lysis and the log (initial 
concentration of phage), : c log [P],, an unknown may be run according to the 
following procedure 

[P], concentration of phage in units per ml 
[P] , initial concentration of phage in units per ml 
[B], concentration of susceptible staph} lococa per ml 
[B]„ initial concentration of susceptible staph} lococa per ml 
4 ml abquots of appropnate dilutions in broth of phage-containing solutions 
are pipetted into standard tubes To each is added 1 ml of a broth suspension of 
staphNlccoca prepared as desenbed abo\e and containing 12 5 X 10'' organisms 
per mJ The tubes are placed m the water bath shaker and after 1 5 hours read- 
me? are made ^rst at 0 2 hour and later, as hsis is initiated, at 0 1 hour inter\ak 
unt 1 1' e arb tra*^ end po nt of S X 10* cells per ml is reached \\ ith this senes 
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dilutions of the onginal standard phigc arc run in the same manner Usually four 
dilutions 10*^, 10”^, 10"*, 10"* arc used Log [r] is plotted against the time of 
Ij’sis of these standard dilutions Knowing the lime of Ij^sis for a given dilution 
of the unknown sample the original concentration of phage in the mixture maj 
be determined b> reference to the standard cun c 

2 The bacterial suspensions used m all the cTpenracnls described consisted of 
frcshl) harvested 16 hour cultures of Staphylococcus aureus (strain S|K) grown on 
agar and washed once in Locke s solution Broth was standard beef infusion con 
taming 1 per cent Difco Neopeptone, 0 S per cent sodium chloride, and adjusted 
to pH 7 4 

3 Except where otherwise indicated, a volume of 1 u NaG sufiiaent to give a 
final concentration of 0 25 u NaCl was used in the entire test senes These 
aliquots of one molal sodium chlonde were added to beef infusion broth In all 
eases control mixtures were Included, consisting of the same constituents, similarly 
treated except that the v olumc of the stock solution of 1 xi NaCJ used was replaced 
b> an equal volume of ph)*siological saline 0 85 per cent (0 145 m) 

4 Growth CurKS — To 38 5 ml of broth and 17 5 ml of 1 m NaCI 14 ml of a 
broth suspension of staph) lococci containing 12 5 X 10’ bactena per ml were 
added This mixture and a control mixture were placed m the water bath shaker 
at 37*C Turbidity readings were made directly or on an aliquot sufDaently 
diluted to come within the range of a formalinised standard senes (range 5 X 10’ 
to 20 X 10’ bactena per ml ) Readings were made at intervals of 0 5 hour ov cr a 
penod of4hours, diluting the preparations when necessary to keep (Bj nitlim the 
range of the turbidity standards 

5 Rate of Phage Production and Phage Distnbuhon As Related to Bacterial 
Growth — ^To 31 5 ml of broth were added 7 ml of standard staph) lococcus phage 
diluted 1/1000 (final concentration of phage — I X 10® units per ml ), 14 ml of 
staphylococcus culture containing 12 5 X 10’ bactena per ml , and 1 7 5 ml of 1 u 
NaCk This was paralleled b) a control mixture These suspensions were placed 
m the water bath shaker at 37®C At intervals of 0 5 hour turbidity measure 
ments for bactenal grow th were made on 5 0 ml aliquots At the same time 1 ml 
was removed from the mixture diluted 1/10 and kept m ice and salt for subse 
quenttitrationwiththercmamdcrofthcscncs aSral aliquot was transferred to a 
15 ml centnfuge tube iced, and centnfuged for 20 minutes at 2100 rj u 1 ml 
of the supernatant fluid from the centnfuged sample was diluted with 9 0 ml 
broth to be titrated for the amount of extracellular phage The quantity of intra 
cellular phage was tlien determined by difference total phage — extracellular 
phage = mtracellular phage 

6 Control to Determine the Effect of NaCl on Phage Alone — Phage left in infu 
sion broth with 0^5 ii NaCl at 37®C for 4 hours and at 0 for 24 hours was subse 
qucntly titrated 

7 Control to Determine the Effect of NaCl on Staphylococci Alone — A suspension 
of staphylococa, 12 5 X lO’/ml , w’as left m the NaCl 0 25 ii infusion broth for 3 
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EFFECT OF NaCl ON PHAGE-BACTERIUM REACTION 


hours at O'C and the suspension used in a titration of standard phage along with a 
control senes A similar suspension, initially containing 2 5 X 5/ml was 
grown in 0 25 M NaCl for 3 5 hours, diluted to 12 5 X 10*^ 5/ml , and used in a 
titration of standard phage along with a control suspension 

8 For determining the salt effect at the lytic threshold in static mixtures, 
ahquots of 5 ml total volume containing 1 X 10® 5/ml and varying concentra- 
tions of phage, were left at 0°C for 0 75 hour and then were placed m the water 
bath shaker at Z1°C The ratios of log [P]o/[5]„ represented in these mixtures 
ranged from 1 0 to 2 0 Turbidity measurements were made on these mixtures 
at 0 10 hour intervals 

9 In order to determine the relative effect of salt on bacteria and on phage in 
mixtures at the lytic threshold, 9 ml of broth, 2 ml of a 10“* dilution of standard 
phage, 5 ml of 1 m NaCl solution, and 4 ml of a suspension of staphylococci 
containing 12 5 X 10^ organisms per ml were mixed and placed in the water bath 
shaker at 37°C A similar mixture without the salt was set up as control At 
0 4 hour before the end-point of lysis (time determined previously in an identical 
mixture) two 5 ml aliquots of the control mixture and two 5 ml aliquots of the 
test mixture were removed from the bath, placed in 15 ml centrifuge tubes, the 
tubes packed in ice and salt m centnfuge cups, and centrifuged in the cold room 
for 12 minutes The supernatant fluids of one test portion and one control were 
interchanged and the organisms uniformly resuspended Two portions as con- 
trols, one with 0 25 m NaCl and one without, were resuspended without inter- 
changing supernatants, and were returned in standard size tubes to the bath at 
37°C The end-point of lysis for these four suspensions was observed, along with 
that of the two control tubes which were left in the bath at iTC during the treat- 
ment of the other four portions The lysates of these test portions were subsc- 
quentlj diluted and titrated in the usual manner for total phage 

10 To determine the possible relative osmotic effect of the salt of a divalent 
anion, mixtures of phage and bactena were set up m broth containing various 
concentrations of NaCl and NaiSO^, and the times of lysis noted The lysates 
were also titrated for [P] 

11 The rate of oxj'gen consumption of the Staphylococcus aureus strain was 
measured dunng normal growth, dunng growth with phage present, and dunng 
growth with 0 25 M NaCl and phage present The constant volume type of 
manometne apparatus was used with flasks of approximately 20 ml capacity 
1 ml of a staph\ lococcus suspension containing 2 X 10® organisms per ml was 
added to 1 ml of beef infusion broth Similar mixtures containing 5 X 10' phage 
units m the 1 ml of broth or with 0 50 M NaCl in the 1 ml of broth-phage mixture 
w ere prepared 0 4 ml of 20 per cent NaOH was added to the filter papers placed 
m the absorption chambers of the flasks The mixtures v ere allowed to come to 
cquilibnum m the 37’C water bath shaker (90-100 oscillations per minute) for a 
penod of 0 5 hour before the stop-cocks v ere closed Readings were made over a 
perod at 2 hours at intcnals of 10 minutes 
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Fic 1 Composite plot of several expenmcnts in v?hich staphylococa were 
grown at 36®C m the presence of 0^5 m NaCI and without NaCI [B] = 2 5 X 
10^, [P] « 1 0 X 10® p »» total [P] in the salt mixture Q. ” total [P] without 
salt, — extracellular [P] m the salt mixture ^ ■■ extracellular [P] without 
salt, — [B]m salt mixture •. « [BJ in mixture without salt 

RESULTS 

Kinetic analysis of the reaction between a susceptible staphylococcus 
and its homologous phage m the presence of 0 25 ii NaCI gave the 
following results 
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1 The growth curve of the staphylococcus strain remains normal 
under the influence of 0 25 m NaCl (Fig 1) 

2 The activity of phage left in contact with 0 25 m NaCl at 0° 
(18 hours) and at 37°C (4 hours) is not affected (Table I) 

There is no effect on organisms exposed to salt action and then used 
for titrations of standard phage (Table II) 

TABLE I 

Effed of Exposing Phage to 0 25 M NaCl at 0°C and 3TC 
7 5 X 10® phage units/ml = initial phage concentration 
NaCl in test solution 0 25 molal 
Mixtures kept 18 hours at 0°C and 4 hours at 37°C 


o°c 

37'C 

Control 

Salt 

1 

Control 

Salt 

Final (phage] 7 3 X 10’ 

j 7 5 X 10’ 

7 5 X 10’ 

7 4 X 10’ 


TABLE n 

rjfcc/ of Exposing Organisms to 0 25 M NaCl and Subsequently Using Them for 

Titration of Standard Phage 


n 5 X 10’ B/ml left 4 hrs atO* m 0 25 u NaCl and m nonnal saline Both preparations subsequently 
used in titration of standard phage 


Initial log [£]« 

T Iy»i« Chr* ) 

End litre, log [P] 

Salt 

Control 

Salt 

Control 

7 9 

1 75 

1 75 

■H 

10 5 

6 9 

2 25 

2 25 



5 9 

2 65 

2 65 

10 9 

10 9 


2 ^ X 10 £ ml gtoim at 37* m broth containing 0 25 it NaCl and m broth containing 0 145* u NaCl Both 
p c'v.'atnns »-jb*equ'‘ntlj used in titration of standard phage 


Initial bg IPU 

T IjriU (hn ) 

End litre, log [P] 

7 9 

1 2 

1 2 


■BOB 

6 0 

1 6 

1 6 



5 9 

2 1 

2 1 

10 75 



3 Sodium chlonde, (0 25 si), has no effect on bactcnal growth, rate 
of phage production, or phage distnbution in grovang mixtures of 
phagt and bactcna up to the point of hsis At this point, hois ever, 
ir the mixtures containing salt, hsis is delated for approximately 
0 0 to 0 75 hour as compared with the control muxtures WTien the 
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end point of Ijsis is reached in the control mature, the phage concen 
tration rapidly incrciscs in the salt mature but no further bacterial 
growth takes place, an extraordinary phenomenon in view of all the 
experimental evidence establishing bacterial growth as an essential 
conditioning factor for phage production (15) The end titre of the 
l>satc IS five to ten times greater than that of the control mixture 
Hence, at the point of Ij sis in the salt mixture the concentration of 


TxniE ni 

DeUrmtnation oj ihe Pkage/ Bacterium Ratios Requisite Jor Lysis icitkoiit Bacterial 
Crerxth tti the Presence and Absence of Salt 

Naa 0^5 « (5) 

Control (C) 

[B] - 1 X lOVml 

Readings bj turbidit> , (BJ X lOVnil 


Value o{(PI /{B] teitUll/ 


- 


.1 


19 

Ttoe 

D 

a 

C 


C 

S 

C 

S 

C 

S 

c 

5 

hj 













0 2 

10 

10 

10 


10 

10 

EEI 


d 

10 

d 

10 

0 4 

12 

12 

12 

12 

12 

12 

12 

12 

10 

10 

10 

10 

0 6 

16 

16 

16 

16 

16 


12 

12 

6 

9 

6 

9 

0 7 

16 

18 

18 

16 

12 

li 

7 

12 


9 


9 

0 » 

22 

22 

16 

J6 

8 

11 


32 


6 


6 

0 0 

12 

20 

5 

12 


11 


6 





1 0 

8 

16 


10 


8 







1 1 


14 


8 









1 2 


12 











1 3 


10 











1 4 


6 












Increase in end Utre 


3 6x 


3 Ox 2 5x 
(3 expenraents) 


3 Ox 3 Ox 


phage per bacterium, that is, the lytic threshold, is increased approxi- 
mately five to tenfold, although the concentration of bactena per 
milhUter IS approximately the same as that of the control (Fig 1) 

4 Determinations of the lytic threshold in static mixtures witli 
0 25 u NaCl indicate that the Ij tic threshold, i e Uiat mixture in 
which the ratio of phage to bactena is such that lysis without growth 
takes place, is not changed Although the time of lysis is delajed 
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Fig 2 The delay in /(ij.i.) caused by 0 25 m NaCI is independent olP, Q. = 
phage and bactcna mixtures in broth containing 0 25 u NaCI, [B]„ = 2 5 X 10 ^, 
(P], >= 8 0 X 10 ®, SOX 10 ®, and 8 0 X 10 ^ activity units/ml respectively p => 
identical mixtures ^\lthout salt Temperature — SO'C 


TABLE IV 

EJjcd of Van wg IinUal Couccnlratwn of Bacteria on Tune of Lysis and Final Tilre of 
Lysate, in the Presence and Absence of Salt 


[NaCI] ■= 0 25 M in test senes 
(P], = 1 X 10® units/ml 


(F , r-! 

1 

1 

2 5X lO- 

SX I0> 

7X 10» 

1 25 X 10’ 

hs 

/ Control 1 

2 6 

2 6S 

2 78 

3 IS 

ISnlt 1 

3 35 

3 45 

3 5 

3 90 

AT. 

1 

0 75 

0 77 

0 72 

0 65 

E-d litre 

j Control 

11 25 

11 35 

11 45 

11 35 

l^z 

Isnlt i 

12 0 

12 0 

12 1 

12 0 
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considerably in the presence of salt, there is no increase in bacterial 
growth but there is a slight increase in phage titre of the lysates, 
which IS constant over the range of phage and bacterial concentra 
tions used (Table HI) 



Houpo 


Tig 3 The effect of increasing [NaCI] on , [P] — 1 X 10' acti\ it> 

umts/ml [B1 ~ 2 5 X 10’ B/ml withaaryingconcentrationsof NaQ (0),ancl 
NajSOi (A) Increasing concentrations of both salts produce a considerable 
delay m the time of ly'sis 

5 The delay of lysis by salt and the increase m end titre of the 
lysate are independent of the initial phage and bacterial concentra 
tions used (Fig 2 and Table IV) 

6 Within hmits an increase in NaCl beyond 0 20 si causes a corre 
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EFFECT OF Nacl ON FHAGE-BACTEEIUM REACTION 



Fig 4 The effect of increasing [NaCl] on the end titre of a pbage-bactena 
mature [P], = 1 X 10® activity umts/ml , [j5]„ = 2 5 X 10^ B/ml Mixtures 
maintained at 


TABLE V 

Eject of 0 25 NaCl on Phage Dislribution between Bacteria and Broth 
Mixture of resting bactena and phage left 0 75 hr at O^C 
(B], = 1 X 10« B/ml 
[P], >= 1 X 10® phage umts/ml 

Muxtures titrated for total phage and extracellular phage/ml 



Extracellular phage, per cent 

Control 

1 0 25 u »lt 

1 

5 6 

7 9 

2 

7 9 

17 0 

3 

4 0 

8 0 

4 

6 0 

14 0 

5 

13 0 

16 0 

6 

4 0 

1 

4 0 
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sponding delay m Ijsis and an increase m the titre of the l>sate 
Hov\e\er, neither of these effects is stnctly proportional to salt con 
ccntration Corresponding increases in NnjSOi produce greater 
dclajs in tune of Ksis (Figs 3 and 4) 

7 The effect of NaCl on phage distribution between resting cells 
and the medium 1133 tested bj keeping a mi\ture containing 1 X 10’ 
phage units per ml and 1 X 10' bacteria per ml for 0 75 hour at O’C 
Ihe suspension nas then centnfuged and determinations iierc made 

TABLE VI 

Effect of Adding Salt to a Phage Bactertol Mixture Just Prior to L^sts 
[B] - 2 5 X lOVml 
[PI - 1 X 10 * units/ml 

1 5 mk 1 u NaCI added to test senes at a-at^ang times w ith reference to the control 
end point and replaced at 37° to Ij’se 1 5 ml normal saline added to control 
mixtures instead of 1 u KaCl 
Controls 


1 Salt, 0 25 u NaCl present initially 

2 No salt present initiall> 


Tubc befere cootrol nd point it which uU tolatloa 
wu added 

Tir>l* (kn > 

loere&se b litre 
oTtr eoDtroI 
Ipate 

No &alt added 

Control 

2 2 


0 25 u NaCl pruent initially 

Salt 

2 7 

5x 

[0 9 

O^Dtrol 

2 23 


Salt 

2 6S 

3 2x 

0 6 

Control 

2 23 


Salt 

2 53 

3 2x 

0 3 

Control 

2 23 


Salt 

2 38 

1 6x 


of total phage and extracellular phage per ml As shown in Table V 
and Fig 1 no change in phage distnbution was detected 

8 When 5 ml portions of phage bacterial mLxtures imtially con 
taming 2 5 X 10 5/ml and 1 X 10 phage units/ml are allowed to 
grow in the water bath shaker and 1 5 ml of 1 M NaCl are added at 
varying tunes before the end point of Ij sis of a control mixture, lysis 
IS delayed and the titre of the lysate is increased The earher the 
salt IS added the greater is the effect (Table VI) 

9 Attempts were made to extract from bactena a catalytic agent 
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h}^othetically responsible for the observed increase in phage titre 
No such substance could be extracted by the procedures outlined 
below 

a 2 5 X 10 B /ml are grown for 2 6 hours in the presence of 0 25 m 
NaCl and without increased salt concentration Both bacterial 
suspensions are then added to 5 ml phage, iced to prevent growth of 

TABLE vn 

Test for a Hypothetical Activator of Phage Extracted from Bacteria by NaCl 


5 ml of 2 5 X B/ml grown 2 6 hrs in presence of 0 25 M NaCl and with- 
out NaCl, iced 1 hr , added to 5 ml of phage, 1 X 10^® phage units per ml 
Iced 1 hr Centrifuged Titrated for total and extracellular phage 



Total phage log [P] 

Extracellular phage 
log IP] 

Extracellular phage 

Control 

9 7 

9 1 

fir cent 

26 

0 25 M NaCl 

9 7 

9 1 

26 

Control 

9 6 

8 6 

10 

0 25 ii NaCl 

9 6 

8 6 

10 


TABLE Vm 

Test for a Hypothetical Activator of Phage Extracted from Bacteria by NaCl 


Two 5 ml ahquots of 5 X 10® 5/ml each left 2 hrs at 0°C m 0 25 M NaCl 
and in physiological sahne Added to 5 ml phage Iced 1 hr Titrated for 
total and extracellular phage 



Total phage log JP) 

Extracellular phage 
log IPJ 

Extracellular phage 

Control 

9 7 

8 7 

per cent 

10 

0 25 M NaCl 

9 7 

8 7 


Control 

9 4 

8 6 

16 

0 25 ii NaCl 

9 5 

8 6 

11 


orgamsms, and after 1 hour of contact the mixtures are titrated for 
total phage/ml and extracellular phagc/ml (Table VII) 

5 5 X 10 B/ml are left in 0 25 m NaCl vithout growth occurnng 
and are then treated as in a (Table VIII) 
c 1 X 10 B/ml are left 24 hours in salt and in salt and glycenne 
mixtures, centnfuged, and the supernatant added to an equal volume 
of phage and titrated (Table IX) 
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10 In order to determine r\hcthcr the effect at the Ij-tic threshold 
u as pnmanly on the phage or on the organisms, phage bacterial 
mixtures uerc grown with and without salt, centnfuged, the super 
natants interchanged 0 4S and 09 hour before lysis in the control 
mixture, and lliey were then replaced to lyse at 37°C No consistent 
results were obtained Since the mixtures were cither at the lytic 

TABLE rc 

Test for a n^potttehcal Activator of Phage Extracted from Bacteria by NaCl 
5 ml of I X 10* 5/ml lcftatO®C 24hrs m the following mixtures 

A 0 8m NaCl 

B OOnNaCl, SOpcrccntgljccnnc 


Centrifuged 1/2 hr 1 ml of the supernatant added to 1 ml of phage 1 X lO** 
units/ml Left 1 hr at 0°C Titrated for total phage 



lo* 

Ejp I 

in 

EtP.2 

0 SwNaa 

9 5 

9 6 

A. Control (normal saline) 

9 6 

9 7 

0 6uma 

9 9 

9 7 

B Control (oonnal salme) 

9 9 

97 


TABLE X 

Effect of Low Temperature on Time of Lysis and End Titre of Lysate 


1 

37 C j 

0 a 

Time of lysis 



0 25 u NaQ 

2 6 j 

4 1 

Control 

2 05 1 

2 6 

Titre of lysate Jog fPj 



0 25 u Naa 

10 75 

8 5 

Control 

10 15 

9 6 


threshold or yust starting to lyse, it was difficult to obtain samples in 
exactly the same condition each time However, there were some 
indications that for the maximum effect the salt must act on phage and 
bactena together at the threshold Orgamsms grown in salt and 
added to control supernatants, for the most part did not show any 
changes If the interchange was made nearer the end point of lysis 
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of the control, the results were very erratic, sometimes showing a 
shght increase in titre of the lysate and other times none at all 

1 1 Gram stains of organisms during the period of lysis m phage-salt 
mixtures show no de\aations from similar preparations containing no 
salt 

12 When muxtures of phage and bacteria made with 0 25 m NaCl 
and Vkithout salt are grown at 36°C to within 0 4 hour of lysis and are 

rim^ 



Fir 5 Cumulate e oxrv'gen consumption of organisms grow n in tlie presence of 
ph''gc V ith and % ithout salt [B], = 1 X 10® B/m\ , (Pj, = 5 X 10® activity 
units-'ml Temperature — 36°C Q. = mixture without salt, P = mixture with 
0 25 XaCl 

then rtmoxed to a v atcr bath at 4°C , l>sis occurs m the salt mixture 
a^ much as 5 hours later than in the control Both mixtures exhibit a 
tenrolcl diminution m end titrc (Table X) 

13 Organisms gro ’ n in the presence of 5 X 10' phage units per ml 
sho’ cd the same rate of o'^Agen consumption as the controls grown 
nhout phage The rates differ on!} dunng the period of lysis as 
vould be antiapatcd The rate of oxjgcn consumption during 
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grow th in the presence of 0 25 M NaCl docs not differ from the normal 
rate The same holds true of organisms exposed to both 0 25 u NaCl 
and 5 X 10’ phage units per ml during growth 

DISCUSSION 

The foregoing anaU sis of the influence of 0 25 M NaCl on Uic kinetics 
of the phage bacterium reaction leads to the conclusion that the 1} tic 
threshold is increased fi\c to tenfold during a penod just preceding the 
end point of Ijsis in the salt muxturc and that the titre of the resulting 
1> sate IS fi\ e to tenfold greater than that of the control 

Ljsis occurs about 0 7 hour later than in the mixture containing no 
salt and it is during the prolonged maximal growth stationary phase 
preceding lysis that the increase in the total phage concentration 
de\ clops The extent of dclaj in Ij sis caused by salt and the increase 
in the titre of the lysate rise with increasing salt concentration over a 
small range and then attain a maximum Turbiditj measurements 
and the rates of oxygen consumption of the bactena dunng growth 
and phage production in the presence of 0 25 it NaCl indicate that 
there is no growth of organisms taking place dunng the penod of 
phage production at the 1} tic threshold This finding is of consider 
able significance since previous work has emphasized bactcnal growth 
as an essential conditioning /actor for phage production (20-2i) IS 
bactcnal growth is rcall) requisite for phage production, the only way 
in which phage could be produced while the bactenal growth curve 
remains flat would necessitate growth of young cells and an exactly 
equivalent lysis of older cells The data on oxygen consumption 
would rule out this possibility so apparently there exist conditions 
under which phage production can occur in the absence of bactenal 
growth 

We have attempted to use other compounds in investigating specific 
ion and osmotic effects on bactenal growth and phage production 
Unfortunately there arc inherent limitations in this approach, for 
example the salts of tn valent amons and cations and other salts of 
umvalent and bivalent ions either inhibit growth of the staphylococcus 
or form insoluble compounds with the constituents of the medium at 
the pH necessary for growd;h Hexoses which are suffiaently soluble 
are fermented by the staphylococcus and other carbohydrates which 
are not fermented are not suffiaently soluble 
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CONCLUSIONS 

1 The presence of 0 25 m NaCl during the reaction between a 
staphylococcus phage and susceptible organisms results in a five to 
tenfold increase m the amount of phage produced 

2 Analysis of the reaction mdicates that normal kinetic relation- 
ships exist until just before lysis occurs At this time the organisms 
enter the stationary phase, lysis is delayed approximately 0 7 hour as 
compared with control mixtures and phage continues to be produced 
at the usual rapid rate 

3 Apparently there are conditions under which phage can be 
produced in the absence of bactenal growth although previous work 
has uniformly emphasized growth of the bactenal substrate as the 
pnme conditiomng factor for formation of phage 
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I 

The relationships between flicker frequency and mean cntical 
illumination for response to a moved stnpe pattern have been deter 
mined for the sunCsh Cnncacanthus (Wolf and Zerrahn Wolf, 1935-36 b, 
Crozier, 1935-36, Crozier, Wolf, and Zerrahn Wolf, 1935-36 5, d) 
When log /„ is expressed as a function of F the curve is a double 5- 
shaped affair, each part is descnbable with excellent fidclitj by a 
logistic (or b) a probability integral) The curve is not desenb- 
ablc by the equation which has been employed to graduate the data 
of human flicker fusion (Hecht and Vemjp, 1933-34, Hecht, Shlaer, 
and Smith, 1935), the behavior of the curve as a function of tempera 
turc IS also inconsistent with the stationary state conception of the 
basis for the shape of the graph (Crozier, Wolf, and Zerrahn lYoIf, 
1935-36 c, d) By means of tlie logistic equation for independent 
rod and cone contributions, the two parts of the composite flicker 
recognition curve have been separated (Crozier, Wolf, and Zerrahn- 
Wolf, 1935-36 d) To test the propnety of this procedure, and also 
to examine further the nature of the vanability of the cntical illumi- 
nation, it wfas planned to obtain the F-I„ curve for several other kinds 
of fresh water teleosts Suitably chosen hybnds of these forms might 
then be tested The expectation was that the flicker recogmtion 
curves would not be the same in position or in shape in the different 
fishes It could then be ascertained whether the same method of 
dissecting the curve into rod and cone contnbutions gives a rational 
result of the same sort in the several cases The*possibihty obtains 
that a genetic basis could be indicated for the differences to be dis 
covered Similar considerations apply to the data of variation of 
performance in the response to flicker 
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Three additional forms have been carefully examined by the proce- 
dure described in our previous papers, these and the Emteacanthus 
(Lepomis) earher studied provide four quite different curves in which 
log Im IS given as a function of F The analysis of these data, given 
in the present paper, appears to provide a very precise kind of con- 
firmation of the correctness of the proposals we have already made in 
our treatment of the data on Enncacanihus 
The flicker response property of a given animal can be measured or 
expressed only by defining this property m terras of a system of co- 
ordinates — it IS the shape and position of the whole curve which is 
significant Properties of the curve as a whole alone will permit com- 
parisons of flicker sensitivity among different forms The curve is 
reproduable among indi\nduals of the same type, and differs in differ- 
ent t}q)es (species), it is therefore a constitutional property The 
adequacy of a formulation of the shape of the curve, or of a method of 
interpreting its shape, can therefore be tested by means of experiments 
designed to reveal whether elements essential to the proposed inter- 
pretation behave in inheritance as other constitutional properties are 
known to do The general situation has already been developed in 
the similar analysis of the geotropic performance of rats (Crozier, 
1929, 1935, Crozier and Pmcus, 1929-30 o, h, 1931-32 a, b, 1935-36) 
TIus may very well involve, of course, something more than simple 
matters of dominance and single factor differences 

The fishes involved* were (a) a clonal strain of the swordtail (“Green 
Hellen”) Xtphophorus Iicllcri, (b) a clonal strain of the Black Platy 
(“Golden Helmet”), Platy pocahtis maailains, and (c) an inbred strain 
(“Black Hellen”) derived from Fi{a) 9 X (b) o' by backcrossing 
fertile Fi females to (a) cT The Black Hellen stock is uniform and 
stable (d) In addition, a clonal strain of Red Platy (P viaailahis 
ruhrc) has been available for companson, as well as (e) a stock of 
P ’.>r:at!is and (/) the P, generation hjbnds between (a) and (e)* 
\\ c are under obligation to Dr C P Haskins for assistance m obtain- 
ire these stocks We have also tested (g) another speoes of sunfish, 
Lip'rotiS f;tbbos’is for companson vith our Enneacanthus The 
po'5 bJiU exists that different speaes and lines of Platy pocalins and 

’ I’c- ca*a tre status ard interrelations of these Upes cf Bellamy (1924), 
G •u'", 1 1027, 1931h ttnd Traser and Gordon (1929) 
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of sunfish, as well as others, ma> exlubit csscnUall) similar flicker 
response cur\Cb, with or without significant differences m the \an 
ability of pcrformincc Changes encountered in the progcn> of 
speacs crosses would Uicn be of added significance 
Our mam purpose has been to discover whether (1) different flicker 
recognition curves would be encountered in the several species, and 
if so whether (2) the forms of the speafic curves could be modified as 
result of crossing We arc not m position to discuss the mode of m 
hentance of the changes actually found, with slightly different ma 
tcnal which it is proposed to utilize subsequent!), it may be possible 
to do this with some detail and precision Without being required, 
however, to provadc a scheme of a mcchamsm of factonal inheritance 
m this ease, w c do obtain cvadencc which dcfimtel) points to the hered 
itar)^ determination of properties of the curve of critical illumination 
as a function of flicker frequcnc) There is also secured a rather neat 
justification of our procedure for the separation of rod and cone com 
ponents of the cunc 


u 

PROCEDintE 

The obscrvwtional procedure was that previously described m detail and 
Zerrahn Wolf 1935-36^ Ccozier Wolf, and Zerrahn fyolf, 1935-36 a, b,c,d) 
Dctcnnioations of cntical illumination were made at fixed flicker frequenaes F 
at temperature 2l S®C For each type of fish the same 10 numbered individuals 
were used throughout the tests At each F 3 readings were taken on each in 
dividual, previously dark adapted Hie average of these was taken as /j, the 
mean of the 10 / s - from which PE/, was computed 

The basis of the measurements resides in the behavior of tlie fish With anj 
one form the variation in h among indmduak is much greater than among the 
three measurements on each fish (except at ) The values of P E /, therefore 
enable one to study the vanation of performance as a function of intensity, F, 
speaes and ultimatel> of other vanablcs The vanation of performance is not a 
matter of persistent individual difTercnces within a given stock. The relative 
sensitivities of the 10 individuals in one stock m any one test may be expressed 
bj rank order numbers m the sequence of increasing intensities required to obtain 
response These relative sensitivity positions show no correlation in successive 
tests The mean rank order numbers are distributed quite at random (Table I) 
This corresponds m all detaDs with what we have alreadj learned in our measure 
ments with the sunfish (Crozier Wolf, and Zerrahn Wolf, 1935-36 b,d) The 
basis for this interpretation of the vanation of /i, and for the method of averaging 
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employed, has been tested in several ways The presumption is, that by taking 
three successive readmgs with each individual fish (c) the chance of gross error is 
reduced, (6) disturbances possibty mtroduced by handimg the fish and transfemng 
it to the observation chamber are minimized and, (c) the average of three such 
readmgs should reduce the error of estimation of Ic, the cntical illumination, be- 

TABLE I 


A summary of mean rank orders of sensitivity in sets of measurements with 
three types of fishes, showing the chance distnbution of relative sensitivities m 
each tjTpe, as seen in successive sets of measurements 


1 

j 

Mean of incU\idual 
a\ erage rank order 
Nos. 

Maximum departure 
of an individual 
mean 

Differences between 
extreme individual 
means 

Xtphophorus hcllert (31 sets, n = 10 
mdixaduals) 

5 47d:0 490 

2 86 X P E 1 

2 09 X era,/ 

PlatypoKiltus maculatus mgra (22 
sets, n = 10) 

5 50db0 659 

2 69 X P E 1 

1 3 0 X ci,f 

Bhck Hellen (h}bnds) (21 sets, 
r = 10) 

5 50=b0 917 

2 75 X P E , 

3 1 X Viif 


TABLE n 

Comparison of \anation of h as obtained in parallel tests with a set of ten 
Little Sunfish (Eupomolus gtbbosus) at two flicker frequencies (F) in which (A) 
each 7i is the average of three successive readings vith each individual and (J?) 
the readmgs are taken m three successii e senes of one observation on each fish, 
/„ IS not significant!} different m A and B, but m the latter case PE/, is shghtly 
but significant!} lover See text 


F *■ 

6 

35 

Method A 

login 

6 2378 

log PE/, 

7 7837 

log /„ log PE/, 

0 1336 2 3282 

Method B 

6 2436 

7 5680 

0 1346 2 2028 


cause the fish will be in about the same mtnnsic reactne state If instead of 
V„o th.s p'ocedure, three sets of smgle readmgs on each fish are taken in 
success on, PE/, calculated m the same wa} should then be less than that ob- 
tamed lo" the same individuals under the same conditions b} the first process, 
al*''o_gh la-ger if caloilatcd from the mean of the 30, because the reactixe condi- 
: cn each fljh p"es,imabl\ fluctuates more m the longer penod o\er vhich its 
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readings arc spread— the obscnations tend therefore to be less dumped m their 
distribution Results from such a lest are given in Table IT The fishes used 
were 10 Little Sunfish {Eupomottu gibbosus) they were ctamined by the routine 
method at four flicker frc<iucnacs (cf Table III) and then at two of these b> the 
method of testing each fish in succession, running through the set 3 times betw cen 
tests each fish was m the thermostat m the dark. Anal> sis b> \ anance test of tJic 
mdivndual records shows the same kind of v-anation among successu e readings on 
one fish as among equivalent readings on diflcrcnt fishes, whereas by our standard 
procedure the vanation is prcdominantI> from fish to fish, although this vanation 

TABLE HI 

Comparisons of mean critical illuminations (/«) at 21 S®C for various types of 
fishes at several flicker frequenaes (r)» showing that the v'anous pure types of 
PlatvpofctUus agree as regards log /« and log PE/, (cf Fig 1) and that two 
spcacs of sunfish agree as concerns /•, but differ significantlv as to P E /, 


Spedf* j 


« 1 

9 

1 " 

30 

35 

1 

Black Platy (n *» 10) 1 

a 2460 

±S 8606 

i 3536 , 
±3 9244 j 


0 4663 
=bl 0077 


Red Platy (b - 4) 

3 2721 
:kS 8392 

1 3699 

±3 9112 

0 1416 
±2 7672 

0 4704 
±2 6522 ; 


P vonolus (« — 4) 

3 3726 
9240 

1 3608 
±3 7337 

0 1248 
±2 5112 

0 4643 
±2 5606 i 


Sunfish JSwnfOcanMw* (» — 
12) 

6 2386 
±6 4814 

3 7983 
±3 0934 

i 2691 
±2 2480 

B 

0 1418 
ifcT 1106 

Little Sunfish (n 
- 10) 

6 2378 
±7 7837 



B 

0 1335 
±1 3282 


* Data from Wolf and Zerrahn Wolf, l935-36fl, and Crozier 1935-36 


IS randomly distnbuted as regards the individuals when the whole lot is repeatedl> 
tested (Crozier, Wolf, and Zerrahn Wolf, 1935-36 a c d) In the second case, as 
expected, 7« is identical but P E /, is definitely and significantly less than in the 
first, but the rcctihnear relationship between PE/, and is not distorted The 
sunfish has for this test the convenient advantage that the latitude of scatter of 
PT) /, (a measure of cr p ^ is less (at this temperature) than with several of 
the other forms we have studied 

The response upon which the measurements rest is a swimming movement in 
which the fish follows the rotating stripes The critical illumination, 7 is the 
threshold intensitj obtained by smoothly mcreasmg the mtensity from a ver> 
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lo^ le% el until tlie fish just begins to move with the revolving vertical stnpes 
(Descnption of apparatus in Crozier, Wolf, and Zerrahn-Wolf, 1935-36 a, f») 
Quick, abrupt increases of illumination may give a “shock reaction” which has 
notlung to do vith the responses indicating discrimination of light and dark bars 
r ishes used in the expenments are kept m the laboratory for a certain length of 
time, under a regular regime, m aquaria each containing a smgle individual Not 
infrequently the first set of measurements is more irregular, and its mean less 
rcproduable, than is true ii\ith subsequent sets For this reason, and to check the 
possibility, of progressive changes due to alterations of behavior of the fishes, or to 
education of the observ'er in the operations of measurement with them, the read- 
ings are taken in a random succession of magnitudes of the fixed flicker frequencies', 
and It is arranged that duphcate sets of determinations are made at certain points 
The \alues of the mean critical mtensities, and the associated indices of dis- 
persion of /i, proynde a basis for evaluating the inner coherence of the data ob- 
tamed vath each type of animal used 

The observ'ations, and their dispersions, may be influenced by (1) properties 
of the fishes and (2) by properties of the observer and apparatus, the relation 
bctv cen (1) and (2) determines the recorded measurements Observers and 
apparatus being the same, the functioning of the observer may nonetheless be 
influenced in an important vay by specific differences in the deportment of the 
fishes The taq^es used in the expenments now discussed shoi\ charactenstic 
differences in behavior, not correlated with sex These differences are important 
for the interpretation of the v anation data (sections III and V) 

Xtpl ophrus was hvperactive, “jumpy,” in the first tnals, and very reactive 
to minor % ibrations in the apparatus After several days of preliminary tests they 
V ere quieter The reaction at a cntical illumination is sharp and clear, the fish 
s\ ims with the moving stnpes, except quite rarely when there occurs a backward 
motion, opposite m direction rrequentl> responses cease after a first “jump,” 
even if the intensitv is increased bevond the threshold, the fish then stays close 
to the vyall of the container, with a sinuous flexure of the body and rapid fin move- 
ments On the .%holc, the responses were “better,” from the standpoint of the 
ob'crv cr, at lo\ flicl cr frequencies than at high 
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tummg vjlh tlic moving stnpcs and at the same speed This behavior is LLe 
that of thcsunfish 

Black Hcllcri — ihchjbnd tv^ic previous!) described — shows at first the jumpi 
ness characteristic of the suordtai! but the reactions at threshold illumination 
for response to flicker arc later less sharp The general behavior is much like 
that of the Plan's 

Tlic Little Sunfish (Lupomolus gthbosm) is rcall) indistinguishable in its rcac 
tions from 12fineacatithtis ONolf and /errahn Wolf, 1935-366 Crozier, Wolf, and 
Zerrahn \\ olf, 1935-36a) 

These charactcnstic differences must be expected to plaj some part in the dc 
termination of the dispersions of / and of A, the extent of tlicir significance can 
not be preosclv foreseen, and remains to be examined experimentally, as v\e have 
alrcad) remarked (Crozier, Wolf, and Zerrahn \\ olf, 1935-36 d) The indication 
thus far is that differences such as those recorded arc of rcblivcly minor signifi 
cance Ihis becomes of spcaal interest when the dependence of P E /, upon 
(or the reciprocal dependence) is considered for V’anous forms (section V) 

m 

For the purposes of our aoalj'sis it v\as desirable to ascertain (I) if fishes of the 
same generic type give similar flicker response curves and (2) if fishes of types 
quite different structural)) and cthologicaU) giv c flicker responses which are quan 
titatively diverse The major portion of tins paper is occupied with the second 
point The ph)siological significance and the presumptive utility of the establish 
ment of diverse flicker response curves for gcncticallv disparate stocks, mcludmg 
the weight to be placed upon the results of genetic tests, in a sense depends upon 
llic outcome of attempts to discover if gcneticaU) simibr l)pcs provide rather 
closcl) comparable flicker curves The phrase "genetically similar t)pcs’ must 
be understood as used in a broad loose sense — in the sense namely, that varieties 
and species of for example arc more Lke one another than the> arc 

hkc the swordtails or the sunfishes Changes in the flicker response curve which 
appear, then, in progeny resulting from the cross breeding of two contrasting t>pes 
cannot be regarded as induced by minor or secondary genetic differences, or as 
superfiaal accidents, but must be interpreted as due to rather deep-seated and 
significant processes genetically determined 

We have compared the critical illuminations for response to flicker at four 
spaced flicker frequenaes, two in the rod portion of the curve and tw o in the cone 
portion, for three types of Platy (including two speacs as ordmanly recognized), 
and two speaes of sunfish The results are given in Table III It is apparent 
that there are minor and doubtfully significant differences in the values of 
among the three Pbt) forms, and onl) small differences between the values for 
the two sunfishes The variation data we will deal with m a bter section The 
general concordance of the measurements for the Pbty forms is such as to indicate 
comparative uniformity m the character of the respective flicker response curves 
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and th6 same is true of the two sunfishes It is to be understood that more com- 
plete determinations of the forms of the curves, like those obtained for the other 
speaes ve are to consider, would very probably estabhsh minor vanetal and 
specific differences, but in contrast to the differences between the curves for sun- 
fishes, Platys, and swordtails, such differences are of shght consequence The 
indication is that the intratype differences appearing m Table III are comparable 
to the changes brought about in one individual by altering the temperature 
(Crozier, Wolf, and Zerrahn-Wolf, 1935-36 c, d) They might be obscurely corre- 
lated with ethological factors, or even determined by the sizes of the eyes The 
genenc differences between flicker curves with which we shall have to deal are of 
a different order 


IV 

We have determined with all possible care, and over the greatest 
manageable range of flicker frequencies, the curve of 7m as a function 
of F for a group of Xiphophorus hcllen {X), another of Platypoecihus 
inaadaUis nigra (P), and for the Black Hellen hybnds The latter 
had been obtained from backcrosses of certain Fi xxf females to X 
males (see section II) Each group contained 10 individuals, in each 
case the same 10 individuals were used throughout, no individual 
differences appeared in a group (section II) The results are collected 
in Table I\'’ We shall discuss first the curves for Xiphophorus and 
Platypoccthus comparing them with our curves for the sunfish Ennea- 
canthus (Wolf and Zerrahn-Wolf, 1935-36&, Crozier, 1935-36, Crozier, 
Wolf, and Zerrahn-Wolf, 1935-36 a, d) , the curve for the hybnds is 
considered in section \T 

Fig 1 shows certain very defimte differences among these three 
flicker response curves The differences are not obliterated if the 
flicker frcquenc) is in each case plotted as a percentage of the respec- 
ti\ c maximum F, or if intensity is so considered The differences in- 
\ oh e matters of rod and cone F^or , slopes of cone and rod portions, 
and position on the F-7 gnd 

Wc ha\e shown that at 21 5° the curve for Enncacanthus can be, as 
to its cone portion, fairly well desenbed by the equation which has 
been used to desenbe human flicker fusion data (Hecht, Shlaer, and 
Smith 1935) but that the fit is not really adequate and in particular 
s\ stematicalh fails at other temperatures (Crozier, Wolf, and Zer- 
rehn-Woh, 1935-36 d) This equation (Fig 2) also fits fairly well 
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TABLE IV 

Mean cntical illuminations, /« (millilambcrts) for response to flicker, as a 
function of flicker frcquenc) (f), m homogeneous groups of Xtphophorus, Platy 
Poealtus and extracted backcross h>bnds of these (Black Hellen, B), vath the 
probable errors (P E /,) of the dispersions 
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the data on Xtphophorus, but cannot be used for the Platy pocctlius 
data without the impossible assumption tint the photochemical 
process is of about the 1 7'** order There would also be in\olvcd a 



Fig 2 Critical illumination, hg/ ‘^f log T', to iliustnteres::.^ 

of fitting by the stationao (llfflit Shher antj Smith IPS’) Kl 

“ F /(F„ “F)" with H " 2 « " f \iph‘>ph -^rus (\) tJie fit ^ pr ah 
(as for F/irtrafflfiMwst thiJ tempentut) both wuh rods and cones for 
cthtis (F) the fit/orthciwfpor£K>3i-'nt*t sufliacnt, 'nhileihe cone part fi 
would require fractional opoarts (eiL 
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mtli different values of F„cl= , P, and /, for the two parts and with a 
particular sort of addition of cntical jP’s in the region of overlap The 
value of p is independent of temperature 



Fig 3 The upper (cone) segments of the F-Jo curves for Xiphophonts {X) and 
PlaU pocnhiis (P) on a log logistic gnd, these segments are presumed not to be 
complicated b\ the addition cSects due to rods 



7 6 5 4 3 
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hjbnd group (H), discussed subscqucntlj For convenient com 
panson the descriptive constants for the several forms have been 
collected in Table V It is apparent that there is no necessary assoaa 
tion between values of , p, and h 
The logistic has been used for these curves partly as a matter of 
convenience, because it cffiaently desenbes the data in diverse m 
stances, because of the nature of the dispersions of h, because it per 
mils testable extrapolations, because it giv es a transformation in which 
the r T„ and r„ I curves become identical (Crozier, Wolf, and Zer- 
rahn Wolf, 1935-36 d), and because it is susceptible to suggestive 
interpretation In the cases to which it does not completely apply 
(bee, and Anax Crozier, Wolf, and Zerrahn Wolf, 1935-36 b, c) there 

TABLE v 

Constants for the desenpuon of the flicker response curves of four types of 
fishes The equation used is that of the logistic 

f - /(I +£->'»« Wi) 
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CoDn 

F. 
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F. 

P 
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I Ennt&canihus 

in 

1 83 



1 57 

0 372 

2 Xiphopkorus 

7 7 

I 95 


43 I 

1 90 

0 177 

3 Platy poectUits 

5 4 

1 36 


46 5 

2 29 

1 62 

A OUickHellenhjbndsex (2)and(3) 

5 4 

2 00 


43 1 

tm 

0 832 


appear to be structural factors which interfere with its apphcation at 
low flicker frequencies It is to be noted, however, that a prob 
ability integral of course fits the data about as well — perhaps even 
better, and might ultimately prove theoretically useful 
The curves for sunfish, swordtail, and Platy (Fig 1) differ in form, 
proportions, and position, although tlieir morphology is surular The 
two branches of each curve must therefore be assumed due to homo 
logons features of the several fishes The connection between the rod 
and cone parts of each curve shows distinct differences m form This 
gives opportumty to test the efficacy of the method w e have used to 
separate the rod contnbution from that due to the cones (Crozier, 
Wolf, and Zerrahn Wolf, 1935-36 a, d) We have given reasons for 
assuming that the complete rod flicker curve, if obtamable separately. 
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should nse to a fiat maximum and then declme to zero, the cone curve, 
starting at zero, is in terms of F added to that for the rods The 
ob\uous “bump” on the fiat portion of the composite curve (Fig 1) 
IS due to the entrance of the cone contribution If this idea be cor- 
rect, the logistic extrapolation must give a consistent result with 
flicker curves of very different shapes The extrapolated curves are 
plotted in Fig 5 They clearly do approach zero at the proper place 
in each case This is also true with the hybrid curve discussed in 
section VI 

The decline of the rod contribution to the recognition of flicker 
vhich IS contemplated in this treatment, and required by the theory 



I ir, ^ The lov cr portions of the F-\og I„ curves for snordtail {X) and Platy 
(/’), ‘ihonmg the extrapolation of the logistics fitted to the cone parts (Fig 3) 
The duTcrcncc curves are shown dotted See text 
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tested The realit) of this fluctuation has been checked by means of 
paired sets of obsenations at two flicker frequenaes, one of these 
being in the region of the cone curve’s start, the other at a nearby 
level Very prease concordance was ahvavs obtained, except at 
r ^ <3,1, and 8, at /' = 5 or 9, new determinations of /„ showed the 
sort of agreement which experience has demonstrated to be character- 
istic at other parts of the Xiphophorus flicker curve, in that for Platy 
poccibiis, m the hybnds, and in the four curves determined for Cmea 



Fig 6 The difTcrencc curves computed (graphically) to depict the declme of 
rod contribution to the composite flicker curve (Fig 5) arc desenbed by a logistic 
the exponent is not the same as for the rising branch of the rod curve — iorXipho 
phorits (\), « 2 10 for PlalypoectUus (P), p = 3 44 

canlhus The differences at F = 6, 7, 8 (greatest at F c= 6) are statist! 
cally sigmficant, the scatter of the indivndual sets of measurements is 
not affected, as the plot of P E /, vs /■» shows no disturbances at this 
level {cj Fig 7) The fluctuation therefore sigmfies a real fluctuation 
m the threshold intensity for cone function in flicker recogmtion 
This may be compared with day to day fluctuations in the mode of 
junction of rod and cone dark adaptation curves for a human eje, the 
intensity for threshold discrimination which supplies the measure of 
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directly proportional to but to Im + a constant (or, to pass through 
the ongin, a constant must be subtracted from the observed values 
of P E j,) The intensities at which the breaks occur can be stated 
only approximately, in view of the breadth of the band which includes 
the observations, but for the three fishes these were at about 

Ini = 0 10 millilambert for Enneacanthus, 

= 3 16 millilamberts for Xipliophorus, 

= 2 00 mdblamberts for Platypoecihus 

The break is less clear in the Platy graph (in the hybrids subse- 
quently discussed it is scarcely apparent at all), so that the magnitude 
of the corrective constant can be given only in a very approximate 
va} , above the break intensities I^b the values of P E must be 
diminished by 

0 10 for Enneacanthus, 

0 OSO for X-tphophorus, 

0 054 for Plat} poecihus 

The question naturally anses as to whether the proportionality 
factors k, the antilog intercept constants in Fig 7, differ significantly 
We have assumed that the variability of cntical illumination measures 
essentially a property of the reacting mechanism of the animal, and 
V e ha\ e discussed its relation to temperature upon this basis It may 
be important for such a vicu that at any given intensity the values of 
P E are rather similar in the vanous forms vhich have been tested 
Considerations directly arising from the quantitative properties of 
P E as obtained in the measurement of diverse visual functions with 
the same organisms (Crozier, 1935-36, 1936), by means of tests funda- 
mentally in\ol\nng intensity discnrmnation in all cases, can be under- 
stood only on the assumption that the dispersions of the measurements 
of cntical intensities, and the dependence of these dispersions upon 
7^, are due to a fluctuating property of the reacting organism and not 
to e-''"ncnmental error in the ordinary sense, they are not identical at 
gi\i.n intcns’ty \\ e ha\c noted prcMou sly (Crozier, Wolf, and Zer- 
1*^35-36 d) that m the sunfish uncontrolled conditions 
r-’ ' •'t'o -c. co'i^’ster't temporary changes m P E uithout altering 
't c’ er f’-e'-uences, these are correlated vith obvious de- 

■ ne'L' •] e cj'to'ra''\ r^ode of behaMor of the fishes At the 
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same time, alteration of temperature produces dnerse effects upon 
PE/, and upon of identical sort m t«o quite different orgamsms 
(Crozier, Wolf, and Zerrahn Wolf, J935-36 c,i) and not correlated 
with obMOUs changes in the character of the motor response These 
findings indicate that a probably mteresting outcome would result 
from systematic attempts to modify PE/, expenmentally , such as 
we have pointed to m our preceding paper In the meanwhile, how 
e\ cr, it 15 desirable to review and codify the findings in our routine 
determinations of the \anation of cntical illumination for response to 
flicker It IS not to be lost sight of that naive applications of prob 
ability theory to such dispersions may be quite inappropriate In an 
ordinary phy sical measurement, as of the precise length of a steel bar 
by nucrometer setting, under continuous constant conditions, the 
mean of the measurements is deteimined by the actual length and 
the individual settings arc made under the “restonng agency” of the 
observer’s appreaation of an incorrectness of setting In measure 
ments of cntical illumination or of cntical flicker frequency the ob 
server is called upon to make a setting with respect to the index re 
sponse, not to make a photometnc match of intensities, three such 
readings on an mdividud are averaged to give I,, and ten /I’s to give 
a mean The mean /, from a senes of such readings has no meaning 
with respect to an individual determination, and oi is merely an 
index of scatter A clear discussion of these matters which is un- 
usually helpful IS given by IVhitchcad (1934) The contnbutions 
respectively made to the total scatter by (a) the observer and the 
process of observation, and (i) the intnnsic variability of the reacting 
orgamsm, must be disentangled by suitable experimental tests The 
behavior of the readings when subjected to a vanance analysis test 
(cf section II) only partially resolves the problem In crudest form 
the alternatives are (1) that the properties of P E / as measured are a 
vahd reflection of properties of the fluctuation of the reacting mecha 
msm of the reacting organism, and (2) that they depend upon proper- 
ties of observer plus procedure It is to be inquired if the latter notion 
gives an adequate interpretation of the facts 
It could be expected on the first view (although not as a necessary 
consequence) that for quite different orgamsms the values of P E /, 
might differ markedly at a given in measurements of the same type 
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of \asual response — particularly if the respective curves of cntical 
illumination as a function of flicker frequency should be strikingly 
different Fig 6 might be thought to indicate that such expectation 
IS not really substantiated The conclusion might then be, either 
that P E reflects merety the error of observation, predominantly due 
to circumstances outside the reacting animal, or that, though proper 
to the orgamsm, PE/, is too nearly alike in different animals to be 
an analytical key to differences in excitability (It is to be remem- 
bered, hovever, that regardless of the mechamsm of deternunation 
of PE/, it descnbes an attnbute of the data which governs in an 
important v ay the uses which can be made of them when compansons 
are made with the requirements of an interpretive theory of the re- 
sponse to flicker ) 

The differences \nsible in the variability functions for Enneacanthus, 
XipJiOphoriis, and Platypoecilius are real enough, in the sense that 
their consistency makes them quantitatively significant But it 
might be that they could anse through differences in the training of 
the obser\er, so that his appreaation of the reaction signal has im- 
pro\ ed, or they might be due to small, constant, charactenstic, differ- 
ences in the relation of the diverse reacting animals to the observer 
The first contention is scarcely reasonable, however, because in the 
course of a month or more of intensive work with a single reacting 
species there is quantitatively no change in the magmtudes of P E /, 
at gi\cn flicker frequenaes, this has been repeatedly determined by 
means of reduplications of tests at the beginning and at the end of an 
experimental run, consequenth there is no exndence that training of 
the obscixer has influenced PE/, Moreover, this -would quite fail 
to account for the sclf-consistcnt, charactenstic properties of the 

iread coefiiacnt / which measures the proportionate scatter of P E /, 

\ d stmclion must certainlv be made between (”1) vanatton of -tier- 
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inodif\ both performance and a anation of performance as a function 
of constant external conditions We can get a due to the operation of 
the distinction between (I) and (2) in the case of our flicker experi 
ments b> considering the difference between (a) the \ anation of cnti 
cal flicker frequencj as a function of fixed intensities and (i) the vana 
tion of cntical mtensitj as a function of fixed flicker frequenaes It 
has been shown that the two kinds of vanation are mutually inter 
dependent (Crozier, 1935, 1935-36, 1936, Crozier, Wolf, and Zerrahn 
Wolf, 1935-36 o,i) The former, (a), corresponds to fluctuations in 
performance, it has been interpreted as due directlj to organic fluctua 
tions m the mechanism basic to discnmination (by response) between 
the effects of flashes and the effects expressed as their after images 
(Crozier, Wolf, and Zerrahn Wolf, 1935-36 c) The latter, (6), corre 
sponds to fluctuations in the frequency of a heart beat, for example, as 
a function of the temperature, for such fluctuations reflect vanations 
in the potential {ittlenstly) of the chemical process the veloaty of 
which determines the interval between exhibitions of a fixed level of 
performance, namely the discharge of the pacemaker relaxation osal 
latorgovcrmngtho frequencj of beats (^ Loeb, 1900, Hoagland, 1935, 
Crozier, 1929) 

We maj consider the general properties of these two dasses of vana 
tions or fluctuations, as cmpincallj obtained in diverse instances, in 
order to demonstrate (a) that the relation of P E to /„ may be very 
similar, quantitatix ely, for diverse organisms in which the respectixe 
relations of I„ to a common independent x anable maj be quite unlike, 
and (fl) that only slight differences betxxeen PE;., for two organisms 
mav result when pronounced differences betxx een PE;, occur These 
expectations foUoxv from the requirements of the idea that the ob 
served x anation is a property of the reacting orgamsm Hence 
approximate eqmvalencc of P E /,’s at the same values of for 
organisms xvith very different flicker curves cannot be accepted as 
evidence of common determination tlurough common observational 
errors introduced b> the unifonmty of partiapating observer and 
procedure in each case 

A consistent conception of the observed relationships can be ob- 
tained from the standpomt that the vanation encountered is basically 
a property of the reacting orgamsm The flicker response expen 
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incnts ha^ c the advantage that one can examine P E j and P E f con- 
currently m the same organism, and that the cntical frequency F, 
vuth the dmiensions of a speed, exhibits certain additive properties 
(Crozier, Wolf, and Zerrahn-Wolf, 1935-36 d) which help to justify its 
interpretation as a measure of the intensity (potential) of the inner 
dnving force responsible for the index reaction, whereas measures 
the mean exatmg flux required to achieve this inner potential 
The relation of P E to In has been obtamed for (i) diverse senes 
of measurements with the same orgamsm and (ii) homologous senes 
of measurements vuth different organisms Expressed in the same 
units, PE/, for the bee, as a function of In, is lowest in the case of 
flicker response,* 0 3 log umt higher in the visual acuity measurements, 
and the same vhen parts of the eyes are opaquedh nearly a full log 
umt higher in measurements of the tune-course of dark adaptation®, 
higher still (as a function of 7i) m measurements of intensity discnmi- 
nat^on^ in the last instance P E a/ is directly proportional to A7, and 
IS tlic same fraction of A7 regardless of the ividths of the stnpes — al- 
though decreasing the undth of the illuminated bars moves the values 
of 7i and of 7; (uhere A7 = It-Ii) to a higher level of intensities 
These differences arc quite significant statistically, and their order of 
increasing magnitude is not related to the chronological order of the 
experiments, the observer uas the same person, the responses all 
involved discrimination of intensities exhibited on alternating stnpes 
of a barred pattern The order of increasing magnitudes of PE/, 
doC', ho ' cv cr, correspond to certain differences in t>pe of exatation 
involved in each expenment 
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proportionality factors for rod and for cone branches of the curve arc 
quite different 

From such facts it is impossible to conclude that there is a deter- 
mination of the quantitative dependence of P E /, upon through 
the activity of the observer At the same time it is not proved that 
this IS untrue, either 

An analogous situation arises from the in\ cstigation of temperature 
characteristics The general fact encountered is that if heart beat 
frequenaes are measured at vanous temperatures, or breathing move- 
ments, or frequencies of locomotor movements, the same number of 
determinations (on the basis of the same number of beats) being made 
at each temperature, then the latitude of vanation tends to be about 
8 to 10 per cent of the mean and is independent of temperature * (In 
some cases' the latitude of a anation may be less, although this depends 
partlj upon the number of beats involved in a count ) There is no 
possibihty of regarding this kind of vanation as due to the observer 
or to the observational method Yet it is of the same order of magm 
tude in quite different organisms, m which the absolute frequenaes of 
the events observed differ onormouslj and for which the temperature 
characteristics arc very unlike, in these respects it corresponds exactly 
to the properties of P E /, as a function of in the vanous flicker 
response curves we have obtained for different organisms under the 
same conditions The parallel extends even to tlie occurrence of 
differences in the coeffiaent of vanation on either side of a break in 
the curve connecting mean frequency of activity with independent 
vanable, good cases have been recorded m temperature curves'” which 
exactly correspond to changes in the ratio of P E to I„ in the com 
posite flicker response curves of fishes, in neither case do these changes 
in proportionahty constant mvanably occur, yet the difference in this 
respect between Anax and the fishes is real and striking 

The point has been made m the treatment of temperature character 
istic data that the latitude of vanation of a frequency for a giv en activ 
ity m the same mdividual may be the same fraction of the mean 

® Crozier, 1929, 1935, Crozier and SUer, 1924-25 Crozier and Fedenghi, 1925 
Pmeus, 1930-31, Crozier, 1934-35 

' Crozier, Pincus, and Rensbaw 1934-35 
Crozier and Slier 1926-27, Crozier 1934—35 
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frcqucnc} independently of conditions other than temperature which 
modify cither the mean frequency at given temperature or the tem- 
perature characteristic This closely parallels the general fact that 
tv.o flicker response curves may be quite different while only slight 
differences appear in the plot of P E /j as a function of Im On the 
other hand, our vanous Platy types give essentially the same flicker 
response curve, and the P E curves are indistinguishable, while 
the two sunfish genera (Table III) give F-Im curves which are indis- 
tinguishable although for these two fishes the values of P E /, differ 
b} a factor of 10 

(With reference to the plot in Fig 7 it is to be remarked that the 
difference between, for example, the variation data for Xipliopitorus 
and Platy seems slight, owing to the scale and the use of logarithmic 
coordinates The difference rcall> amounts (for the lines of central 
Icndcnc}) to a consistent factor of 1 06, for others it is larger, if the 
figures could be adequately presented on an arithmetic grid, their 
diNcrgencc would be obvious The “second order differences” arc 
thus really considerable ) 

The absolute values of P E as a function of Im, have about the 
>^amc order of magnitude in very different sensory effects, for ex- 
ample, m measurements of auditor)' intensity discrimination (Upton 
and Crorier, 1936), in judgments of differences in lifted weights,’* and 
in tests of X isual functions with the human eye Second order differ- 
ences of tlie sort already noted occur in these cases also 

Another a'^pcct of this matter is revealed by the interpretation of 
the Weber fraction Af/Zj (Crozicr, 1935-36, 1936) as a function of 
I From the flicker response curve and the visual acuity test curve 
in’- tl e '^ame organi'-m (the bee), the fraction may be computed on 
t’ t, a“’’mj)tion that A/ — /ct/, The agreement is quantitative 
.»lr tl e icct that the tvo airves are of different shaocs and that 
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P E as a function of /„ is distinctl> different for the two tests This 
result, which also agrees quantitati\cly with the directly measured 
values of AT/It, bespeaks an inner coherence of these data due to a 
propert) of the reacting animal and is incomprehensible on anj other 
basis 

Tlie point to this reMew of the general situation is, that the proper 
tionaht> of P E ,, to 7„ appears in a great diversity of situations, and 
that, grossl3 speaking, the proportionality constant is usuallj of the 
same order of magnitude Closer examination discloses significant 
differences (second order differences, perhaps, but consistent and not 
to be Ignored) Neither these differences nor the general order of 
magnitude of the \ ariation is reallj to be accounted for in a reasonable 
way by referring it to error of obseraation Its general magnitude is 
determined by some common feature of biological organization, its 
speafic differences reflect specifiaties m the mechanisms concerned 
m particular events under scrutiny It does not in any sense support 
“indeterminism” {cj Crozicr, 1929, 193S, ef Cohen, 1936) Un 
questionably it also includes error of observation in the classical sense, 
but the data do not belong in the category of measurements of phy sical 
quantities where the numerical observations are subject to a restonng 
(anti dispersive) constraint The separation of these constituents 
con only be achieved by experimental procedures, of the sort already 
indicated in studies of the precision of tropistic orientation ” 

It remains to consider our second point (ff), namely the mechanism 
whereby a general correspondence may be brought about between 
PE/, and even in the cases avhere the F I„ curves and the values 
of P E f , are \ ery different This consideration is important for the 
evaluation of the notion that PE/, may be merely observational error 
and not an mtnnsic property of the tested organism 

Take first the flicker response curves for Anax and Enneacanthus 
(Crozier, Wolf, and Zerrahn Wolf, 1935-36 o, 6) The discussion 
imght with equal propriety have been begun by dealing with the 
curves of mean critical flicker frequency as a function of intensity, 
rather than (as we have done) with the F /„ data If we really ha\ e 
to do with error of manipulation, then (since the techmc employ ed in 
the 2 cases was identical),? E r, should be the same at identical values 

“ Crozier and Pincus 1929-30 j, b 
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of F„ for the t^\o organisms Yet the P E for the sunfish is uni- 
formly about 100 per cent greater Despite this difference, if from 
the width of the band formed by Em =t P E p, as a function of I one 
calculates the expected magmtudes of P E 7, as a function of 7, it 
turns out that the two sets agree in the manner and to the extent 
V. hich w e have already noticed m the directly determined quantities 
(The reverse calculation is discussed in Crozier, 1935-36, Crozier, 
Wolf, and Zerrahn-Wolf, 1935-36 a,h) One cannot attnbute both 
the unlikencss of the P E p, senes and the similarity of the PE/, data 
to common experimental error m each senes, on the contrary'^, although 
including this factor, they' are fundamentally both determined by a 
property of the reacting organism, this property, expressed as a van- 
abihty of performance under constant conditions, carnes with it the 
necessity for fluctuation in the potential of an exciting energy required 
to effect a given amount or extent of performance 
The theory of response to flicker which we have considered regards 
marginal recognition of flicker as a phenomenon of intensity dis- 
cnmination The effects discnminated are (1) that due to the 
(a\ eragel action of a flash of light, and (2) that represented by the 
after-action (after-image) persisting dunng the intervals of no light 
(Crozier, 1935-36, Crozier, Wolf, and Zerrahn-Wolf, 1935-36 c,7) 
W L may suppose that recognition of flicker requires the establishment 
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tion m effect, -n-ill be thus given bj tW/dlogf, where N is the total 
number of exatable elements, and will pass through a maximum as 
log I increases This corresponds with the properties of P E p, be 
cause, at fixed /, P E r, measures the fluctuation in the effect of a 
flash (i c , the action of the intensit> X the duration of the flash is 
constant for a given end result) With (at any moment) a slightlj 
larger number of exated contnbuting elements, the duration of a 
flash of given intensity need not be quite so long to produce the same 
magmtude of effect and therefore the same intensity decay curve in 
the after image, and so the same difference between the two On 
this basis the integration of P E over the whole range of intensities 
should give a proportionate measure of the total number of excitable 
elements The integration is made graphicallj, from the curves 
drawn through the measurements of P E f, as a function of log I (in 
Crozicr, Wolf, and Zerrahn Wolf, 1935-36 a, 6) S P E p, as a func- 
tion of log I should then be parallel to F as a function of log I The 
simplest method of demonstrating the correctness of this expectation 
IS obtained by plotting S P E p, against F For the Anax data the 
result IS exhibited in Eig 8 The rectiUncar relationship is striking, 
the deviation of the last point (F„„ ) is due to instrumental error at 
the highest intensity used, as with the case of the sunfish (Crozicr, 
Wolf, and Zerrahn Wolf, 1935-36 a, fc) The data for Enneacanthus, 
treated in the same manner, arc given in Fig 9 As already imphed 
from other relationships, the proportionality constant should differ 
for rods and cones The break in the relationship comes exactly at 
the point identified as that at which the rod contnbution fades out 
of the picture (Crozier, Wolf, and Zerrahn Wolf, 1935-36 d) This 
empirically verified conception is therefore embodied in the expression 

PJE p, - t.df/dlog/ - hlAF/AI (X) 

(When dF/d/ = 0, at F„ai , the vanation encountered is of another 
sort, as already indicated ) 

With fixed F and an all or nothing mdex of response, the presumed 
condition for response (other factors constant) bemg a certain per- 
centage difference between sensory effects due to light flash and to 
after image, then 7 1 must vary from time to time in such a manner that 


PE/i - iPEp,d//dF 


(II) 



d) 2 
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F/sec 


Fig 9 Similar to Fig 8, but based upon observations mth the sunfish Ennta 
canlhtis (Crozicr, Wolf, and Zerrahn Wolf, 1935-36 o) The abrupt break coin 
ades preascly TVith the dropping out of the rod contnbution to the determination 
of critical flicker frequency as determmed by independent cntena Crozier, 
Wolf, and Zerrahn Wolf, 193S-Z6 ad) In each zone, respectively of predoim 
nant rod function and cone function, d(21[P E rjD/dF is constant 
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Since P E measures the spontaneous fluctuation of excitability at 
fucd I and d7/dF is the mean equivalent change of I per small change 
of f, the equation is thus dimensionally balanced 
From these 2 equations, 


P Er, = 


(dF)(df)(/) 

(d/)(dr) 


= Cl 


(III) 


This IS the relation of P E /, to Im which has been obtained cxpcri- 
mcnlalh The proportionality constant C contains no reference to 
the flicker frequency or to the shape of the F-I curve Hence P E /i, 
as a function of I, should be independent of F We find empirically 
tliat the constant C has the same general order of magnitude for 
dificrent organisms, although their F-I curves may differ profoundly 

This can be approached in another manner, more general, by a procedure for 
^ Inch V c arc indebted to Dr Charles P Winsor \Vc have a situation in which 
the ob'^cracd result (response to flicker) is conceived to be a function of three 
\anablc<;, F, I, and Z, v,hcrc F and I arc measured and Z is a random variable (due 
to tl c o’-ganism) 
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From (4), (5), and (6) 



Cr tF 

Ct " il 

0) 

T\hich IS the result nlread> obtained It therefore follow’s that given experiments 
in which r or / IS the independent variable, w cshould be able to predict the scatter 
of the dependent variable when the expenment is performed with the reverse 
arrangement 

If in addition it is to be assumed that the rec»rded measurements of P and I are 
subject to scatter independent of Z, in other words to erpcnmental error m the 
customarj sense, then 


F - «(/, Z) + . 

(S) 


I - i5(F, Z) + , 

(9) 

These give 

, (i<-\F zlV 

(10) 


, (HV ZlV , , , 

''1, iz 

(11) 

and 

<fr* — (r«* / 

cp — yji / 

(12) 


This 15 analogous to (7) but no a pnon assumptions can be made as to cr and 
bence the calculation of cr from <r/ or the reverse cannot be undertaken At the 
same time if (7) is adequate it foUoiv's that the <, ij terms do not enter significantly, 
this amounts to the conclusion that the vanation dealt with is practically free 
from experimental error in the usual sense This is entirely consistent with the 
fact that duplicate determinations of agree much more closely than their ct s 
would warrant (save in the exceptional and specifically accounted for case of the 
threshold for cones m Xiphophorus, already discussed) 

We are therefore in position to conclude that a consistent account 
of the charactenstics and the interrelationships of the vanabilities of 
our measurements can be given from the standpomt that this vari- 
abihty is a property of the reacting organism 

VI 

Black Belleri Hybrids 

Our desire has been, in part, to prepare ground for a genetic analysis 
of differences such as the curves in Fig 1 reveal, and -which can be 
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rather simply charactenzed by descnptive constants assembled m 
Table IV The desirability and the importance of such analysis 
den\ es from t-^ o sources, which from the standpoint of logical expen- 
mentahsm may be regarded as distinct (1) it is the necessary proce- 
dure for the charactenzation of the really significant differences, 
namel}" functional differences, with which genetic theory must ulti- 
mate!} deal, it implies functional formulation, and the genetic proper- 
ties of such formulations require to be investigated, and (2) it provides 
a relatneU simple and efficient means of deciding whether constants 
in quantitatne formulations have a definite significance, a reality 
apart from the descnptive efficacy given by curve fitting, and thus 
ma} be hopefullj regarded from the viewpoint of theoretical inter- 
pretation as to mechanism The complexity of a biological phenome- 
non, since its properties are speafically reproducible, must be subject 
to and go\ erned b\ a determinate control The complexity increases 
the labor of expenmental inquir}’- and the difiiculties of interpretation, 
but the possibility of genetic manipulation presents a unique and 
counterbalancing ad\antagc 
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The \ alues of and of PE/, for the hybnd stock are given in 
Table R', I„zs & function of F is plotted m Fig 10 A certain re- 



I ic 11 The cone segment of the flicker response curv'c for the Black hlellen 
h^ bruls gi\ cs the same logistic exponent, ^ = 1 90, as does the cone curve for the 
s^ o'dtul parental stock 
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position rather similar to that occupied h> the graph 
lu.. ancestor These cons.deraUons cim be 
tlic examination of the constants in the desenp i\c cq • 

respective flicker curves (Table V) Companmns are possib e l^u^ 
tlic logistic also describes the data for the h>bnd^ (tip^ ^ 

With our apparatus it i%as not possible to obtain a^ntc *=cltinc< of 
intensity at higher intensities than antilog 25 millihribcrts, we were 
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obtained as before by difference on the basis of the extrapolated cone 
logistic, has also the exponent charactenstic of the declining curve 
for XtpJwphorus rods (Fig 13) This adds to the evidence for lack of 
influence of the cone function upon the declining contribution of 
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the rod r„„ The difference between the XtpliopJiorus and hybnd 
curves is not similar to the change produced by alteration of tempera 
turc (Crozier, Wolf, and Zerrabn Wolf, 1935-36(1) The values of 
7 ( for rods and cones, the intensities for T = 0 5 r„ i , are not equally 
affected in the new combination, so that the mode of junction of the 
rod and cone curv cs has a different aspect The extrapolation of the 
logistic for tlie cone curve, however, approximates 7' = 0 at preascly 
the nght level of intensity for correlation with the bump on the com 
posite curve (Fig 10) 

The vanabihty of 7i is exhibited in Fig 14, there is no distinct break 
in the plot of P E ,, vs 7„, although it is possible that measurements at 
still higher intensities would show something of the sort The rela 
tion between PE/, and 7„ is desenbed by 

(1±0402)PE/, -0J74;, 

The proportionality constant is just the mean of those for swordtails 
and Platys (see section V), the spread coeffiaent of P E /, is lower than 
for either of the parental stocks 


vn 

Comparison of the flicker response curves for the four fishes thus 
far studied in some detail permits conclusions relative to certain points 
in the theory of visually axated responses, which may be commented 
upon briefly 

Differences between these curves as obtained at one temperature 
involve not merely shifts in position on the intensity axis, but also 
changes in scale and in the proportions of constituent parts The 
same type of quantitative formulation is, however, applicable to all 
of them Rod and cone activity constituents denvable from two 
parent stocks serve to sy nthesize the result obtained m a hybnd stock 
produced from these parent lines 

The “elements of action” involved in controlbng the responses must 
be presumed to be of central nervous location These elements are 
clearly correlated, however, with discrete retinal properties Of these 
the most conspicuous is the separability of rod and cone functions as 
required by the duphaty doctnne (Kohlrausch, 1922, von Knes, 1929, 
Hecht, 1934) For convenience we may speak of rod thresholds. 
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populations of rod and cone effects, and the like, without its being 
assumed or implied that properties of the flicker curves are directly 
representative of the excitabihtics of the corresponding retinal elements 
ith this reservation as to the use of the terms rods and cones, we note 
that in our group of flicker response curves (i) higher rod threshold 
docs not necessanl}' mean a smaller population of rod effects, (ii) or a 
more rapidly rising rod curve, (m) or a higher cone threshold, (iv) or 
a steeper cone curve, and that (v) there is no correlation between the 
steepness (p) of a cone curve and its maximum critical flicker fre- 
qucnc), or (m) between p and general intensity level Threshold, 
Fr-oz , p, and /, are separately and independently determined 
This bod} of evidence, coupled with the analyses of the individual 
flicker response curv'cs, supplies a proof of a new kind that the basic 
requirement of the duplicity theory is correct the retinal functions 
of \crtcbratcs involve the distinct operations of two groups of ele- 
ments, rods and cones 


\Tn 

SUIUIARY 

Flicker response curves ha\c been obtained at 21 for three 
genera of fresh water telcosts EnncacauiJms (sunfish), XiphopJiorus 
(«^v.ordtail), PlalypoccJius (Platy), b} the determination of mean 
cntical intensitic'; for response at fixed flicker frequencies, and for a 
certain homogeneous group of backcross hybnds of swordtail X Platy 
(Bleck Ilellcn) 

The curves exhibit marked differences m form and proportions 
Tlic same tv pc of analvsis is applicable to each, however A low m- 
tcr^’tv rod governed section has added to it a more extensive cone 
]K>rt’o 1 r-’ch part is accuratclv described bj the equation 
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The hjbnd Black Hellcn show quantitative agreement with the 
Xtphophorus parental stock in the values of p for rods and cones, and 
m the cone r„ , , the rod is verj similar to that for the Platy 
stock, the general level of effective intensities is rather like that of 
the Platy form This provides, among other things, a new kind of 
support for the duphaty doctnne Vanous races of Plalypoccthtis 
macuhiiis, and P vanaliis, give closely agreeing values of 7„ at differ 
ent flicker frequenaes, and two species of sunfish also agree The 
effect of cross breeding is thus not a superficial thing It indicates 
the possibility of further genetic investigation 
The variability of the cntical intensity for response to flicker follows 
the rules pre\ lously found to hold for other forms The variation is 
the expression of a propertj' of the tested organism It is shown that, 
on the assumption of a frequency distnbution of receptor element 
thresholds as a function of log I, with fluctuation in the eacitabilities 
of the marginall) excited elements, it is to be expected that the dis 
persion of cntical flicker frequenaes in repeated measurements will 
pass through a maximum as log I is increased, whereas the dispersion 
of cntical intensities will be proportional to and that the proper 
tionality factor in the case of different organisms bears no relation to 
the form or position of the respective curves relating mean critical 
intensity to flicker frequency These deductions agree with the 
expenmental findings 
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n Tin; ErFECT or DirrusiON Gradients brought about b\ Eggs 
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introduction 

It has been knoitn for a long time (Roscnvinge, Kniep, Hurd, and 
Whitaker (1-4)) that fttcus eggs in the dark tend to form rhizoids in 
the resultant direction of neighboring eggs It -n as shown by Whita 
kcr (4) that unfertilized eggs of another species act as directing 
agenacs, and therefore the effect is non spcafic and is not dependent 
upon growth activit) m the directing cells 

More recently (WTiitaker (5)) it has been shoim that in E furealus, 
when eggs are reared in the dark at 14j°C m normal sea water at pH 
7 8-8 0, aggregations of at least ten or more eggs in close proiimitj 
arc necessarj m order to bring about appreaable mutual control of 
the polanty Groups of five eggs or two eggs alone in a dish do not 
show the effect These relations suggested that a greater concentra 
tion of substances diffusing from the eggs than can be provided by 
the smaller groups of eggs under conditions of free diffusion is neces 
sarj to cause the eggs to respond to each other Since CO , and pre 
sumably other acid metabolites arc included among the diffusion 
products, aggregations of vanous sizes were reared in sea water acidi 
fled to pH 6 0 In this medium, all aggregations, including groups 
of only two eggs alone in a dish, now showed strong mutual inductions 
of polanty It was concluded that increased hydrogen ion concen 
tration augments or intensifies the mutual inductive effect (5) 

* This work has been supported m part b> funds granted by The Rockefeller 
Foundation 
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Purpose 

In the present experiments, single eggs have been reared in the dark 
•wTthin and near one end of a capillar}' tube so that diffusion products 
escape more rapidly from one side of the egg than from the other 
Also, due to the presence of the tube wall, which limits diffusion, the 
equihbnum concentration of diffusion products (and also oxygen lack) 
immediatel} about the egg is presumably considerably greater than 
about an egg or a small group of eggs under conditions of unrestrained 
diffusion The purpose of the experiments has been to see whether 
the polanty of an egg under such circumstances might be determined 
b} the gradients resulting from its own metabohsm, and to find the 
effect of initial pH of the medium on the results Another and onginal 
purpose was to test the feasibility of cultunng single eggs in capillaries 
in order to apph gradients of known substances across them, but it is 
first ncccssar} to know the response of an egg in a capillary to the 
gradients which the egg itself produces when the medium is initially 
homogeneous throughout 
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After llic discovery of the striking effect of the pH of the medium on the m 
tensity of the neighbor effect (sec Introduction), it appeared quite possible that 
the response of an egg in a tube to the gradient of its own diffusion products might 
also be highly scnsiti\e to the pH of the sea water Subsequent measurements 
with a glass electrode show ed that the pH of sea water collected and filtered as it 
had been dunng these earlier expenments ranged over a considerable tune from 
8 3 to 7 6 More attention to prompt filtenng very soon after coUcctmg lessens 
this range A new senes of expenments was earned out m January, February, 
and March, 1936 with measurement and artifiaal control of the pH of the sea 
water These new expenments are the basis of the following report 

Mahns arid Preparing the Capillary Tubes — Clean new p>'re.x tubing wras drawn 
out to form capillanes which were selected for internal diameter as measured by 
ocular micrometer B> means of a Ta>lor inicromanipubtor pieces of suitable 
bore were cut quite squarely into measured lengths between a diamond splint and 
the edge of a razor blade. The capillary lengths used were 400, 700, and 1400 or 
ISOO microns As the eggs vary m diameter from about 65 to 90 microns, averag 
mg about 75, tliesc lengths correspond approximateI>, on the average, to 5 5, 10, 
and 20 egg diameters Large numbers of capillanes were cut, and by selecting 
eggs and capillaries of appropnatc diameters, an> degree of clearance between the 
egg and the capillary could be obtained Similar capillanes were also made from 
dear fused quartz (silica) 

To reduce dangers of contamination of vanous sorts, capillanes w ere nc\ er used 
a second tune The new tubes were placed one each m a small S>Tacuse dish 
(Bureau of Plant Industiy model) m 1 cc sea water A fine glass pipette which 
was held m the band and operated b> a rubber tube to the mouth was placed 
against one end of tbesbort capjJhuy on the bottom of the dish andaJaige volume 
of medium was sucked through to flush it After being flushed and then soaked 
overnight (usually 24 hours) in sea water, each capillary was transferred through 
tlirce dishes of the medium to be used in the expenment and was copiously flushed 
m each to remove any solutes from the glass walls of the capillary and to equilibrate 
with the experimental medium 

Placifig the Eggs — Eggs w ere fertilized in normal sea water and then between 30 
and 90 minutes after fertilization (duruig which time the cell wall progressively 
becomes more adhesive) a single fertilized egg was pbced m each small Syracuse 
dish of experimental medium containing a prepared capilbrj Eight of these 
dishes had alreadj been placed m a levelled Fetn dish on the stage of a microscope 
The Petn dish also contained sea water and served as a moist chamber Several 
nucroscopes each beanng such a levelled Fetn dish, were mounted on a heavy 
concrete table in the constant temperature room as it was found that either vibra 
tion or slight slope of the capilbnes would cause the eggs to move along the capff 
lanes or to roll out. The Petn dish was not moved from the stage of the micro- 
scope after the eggs were pbced 

Under the compound microscope an egg was washed and pbced near one end 
of the capilbry and medium was gently sucked through the capillary from the 
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other end b> means of the mouth pipette This earned the egg into the capiUarj 
mthout abuse or distortion and the distance from the end of the capillary at nhich 
the egg came to rest could be accuratel}’' regulated If the egg came too far into 
the capiUaiy it v as rolled back by gently blonmg medium into the opposite end of 
the tube The stickiness of the egg at this time reduced the tendency to move 
B\ about 2 hours after fertihzation the sticky wall has hardened and attaches the 
egg to the glass After an egg n as placed in each of the eight capillaries in a moist 
chamber, the dishes containing the capiUanes nere rotated so that the capillaries 
laj in different positions nith respect to the compass as a control against an} un- 
known directional influence in the environment The compass direction of the 
capillar} had no effect on the result The results were observed and either drann 
or photographed about 24 hours after fertilization nhen the rhizoid protuberance 

V as V ell de\ eloped and the spore had usually developed to the two cell stage 

Tlx Expenn C7 lal Medium — The medium inside and outside the capillar}' vas 
al\ a^ s the same at the start of the experiment Eggs w ere reared in normal sea 

V atcr of measured pH, ranging in these experiments from 8 09 to 7 85 (see Table I) 
In the same expenment, eggs nere also reared in samples of the same sea \iatcr 
vhich had been artificially made more acid or more basic In some cases the sea 
valcr i\as acidified by adding from 3 to 5 volumes to the hundred of acid jMcIl- 
lainc's secondary sodium phosphate-citnc acid buffer In most cases concen 
trated HCL instead was added to the sea water in such small amount as to have no 
appreciable effect on the total osmotic pressure Sea water was artificial!} made 
more basic b} adding from 1 to 5 volumes to the hundred of a basic isosmotic 
mixture of NajCOj and NaHCOj 

After the addition of the HCl. or the Na-CO^-NaHCOs mixture, the sea water 
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medium m Uit “smull dulic «as measured Ilic changes which liad occurred 
during 1 lie /irogriss of I lie erpenments ircshonn in column S of Table I 

RFSUITS 

In more tinn (iOO cnsis slutlierl, (he rhi^oid protubennee formed 
citlicr on the side of the cpg touirel (he hr end of the capilhre into 
which It c\tendtd, or else it formed on the opposite side of the egg ; c 
on the side toward the near end of the capilhre in which case it e\ 
tended tow ard nr out of this end of the capillart Photomicrographs 
in Ilf, I show eggs in each categore located at scacral different 
distances fron the end of the capillars Table I giees the conditions 
of the eapcrimenls and the number of eggs in each experiment The 
percentage of eggs in the difTcrenl media of each expenment which 
formed the rhizoid protuhi ranee on the side of the egg toward the far 
end of the capilhre i c on Ihc «idt of tin egg from which di0iisiblc 
substances from the egg could diffuse aw ax least rcadile is gieen in 
column 10 of fable I 

These percentages hear a xcre definite relation to the initial pH 
of the medium ft c the pH at the start of the experiments as shown 
m Table I, column 7) which remained esscntialle unaltered outside 
the capillar) during I he course of the experiments The percentages 
are plotted igainst initial pH m Fig T which shows that m acid sea 
water a xer) high percentage of (he rhizoid protuberances form toward 
the far end of the capillars Near pH 8 0, however, the percentage 
drops rapidh to 10, which represents a condition of random direction, 
and at higher pH values up to 8 5 or 8 6 the percentage drops down 
to less than 25 In other words in basic sea water most of the rhizoid 
protuberances form on the opposite side of the egg toward the near 
end of the capillan As the sea water is made more basic, the per 
centage of rhizoid protuberances forming toward the near end of the 
tube docs not approach 100 however as in the reverse phenomenon in 
acid sea water, but attains onl) 7a or 80 at the maxamum 

In order to find out if this percentage would more nearh approach 
100 under still more basic conditions 59 eggs were tested at pH 9 1- 
9 2 A complication comes m, however, since above about pH 8 6 
precipitation of certain salts from the sea water takes place and it is 
not known what effect this ma) have on the development of polarity 
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Initial pH of medium 

Fig 3 Graph showing percentage of eggs which formed rhizoids on the sides 
toward the far ends of the tubes (where diffusion is most impaired) when the pH 
of the medium initially (i e , when the eggs were placed m the tubes at the begm 
ning of the experiments) was as shown The cur\es are freely drawn In the 
more basic range (curves mterroittent) speaal considerations make the results 
less certain (see text) The response of the eggs to their own diffusion gradients 
IS seen to be somewhat less pronounced m the shorter tubes as might be expected 
The significant data upon which each pomt is based are shown m Table I 
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TABLE I 


Conditions of the expcnmcnts, and results upon which Fig 3 is based The 
columns, left to nght, show (1) number of the erpenment, (2) capillar}' tube 
lengths to nearest lOO/i (tubes arc p}TCX in E-rpenments 1 to 8 indusnc, and 
quartz in Expenments 9 and 10), (3) clearance between egg in tube and tube wall 
(range and 3\cragc), (4) distance from near end of tube to nearest edge of egg 
(range and a\crage), (5) composition of medium, which was cither unaltered sea 
.vatcr, or sea water to which acid or base was added (see text), (6) pH of medium 
at end of adjustment penod (sec text), (7) pH at start of c,xpcrimcnt, when eggs 
1 ere pbeed in tubes, (S) change in pH of medium surrounding tubes as measured 
24 hoars l-'tcr, (9) number of eggs, each in a separate tube and dish, (10) per cent 
of these which formed rhizoids on sides toward far ends of tubes Sec text 
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:n the egg There is a marked difference in the type of the rhizoid 
protuberance which forms at such high pH (Tig 2) It is deadedly 
narrow er at the base and its ettcnsion is retarded There is no indica 
tion wliether this is a result of the high pH as such or w-hether it is 
due to the loss of preapitatcd salts from the sea water At this high 
pH the eggs in the capillaries show a reduction of the tendency for 
rhizoid protuberances to form toward the near end The percentage 
dnfts back toward SO, or randomness of the results The number of 
experiments is less in the extreme basic range, and the spcaal arcum 
stances of precipitation and altered developmental type combine to 
make this apparent reduction m the control of polarity difficult to 
interpret at the present time The results here must be regarded as 
merelj exploratorj’ and tentative However, it does appear relatively 
safe to conclude that as the pH is increased from 8 5 to 9 2 the per- 
centage of the protuberances forming tow ard the far end of the capil 
lary does not approach 0 The effect of the base in controlling the 
response of the egg does not become almost absolute, as in the case 
of the aad 

In addition to the experiments recorded in Table I and Fig 3, SO 
eggs were reared in four experiments which were sirmlar to the others 
except that the glass capillanes were only 400 microns long This is 
onl> shghtlj oxer 5 egg diameters, and eggs which were 1 egg diameter 
or more in from the end of the capillary were therefore fairly close to 
the center of the capillary In consequence, the difference in diffusion 
from the two sides of the egg was less than m the case of longer capil 
lanes The results were very similar to those obtained in the longer 
capillanes, but as might be expected, the determinative effects on the 
eggs were somewhat less marked In Table I and Tig 3 it may also 
be seen that the response of the eggs in aad sea w ater to the gradients 
in the capillanes was not quite as strong in capillanes 700 microns 
long as in capillanes 1400 or 1500 microns long 

DISCUSSION 

When a single Fucus egg develops in a gradient of its own diffusion 
products m a medium which is initially homogeneous, the develop 
mental response of the egg to the gradient appears to be greatl> 
affected by the hydrogen ion concentration of the medium It has 
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alrcad} been sho\s*n (Wlntaker (5)) that when two eggs develop near 
each other, the rhizoid protuberances develop on the side tow ard the 
neighbor if the sea water is acidified, while in normal sea water the) 
do not The present results are quite in agreement with this observa- 
tion and a reasonable interpretation is that upon sensitization with a 
^ight amount of acid the rhizoid protuberance develops on the side 
of the egg subjected to the greatest concentration of diffusion products 
of the egg itself for the same reason that it dc\ elops on the side tow ard 
a ncighbonng egg 

In the case of the egg m a capillar}*, a lesser acidification of the 
medium suffices to sensitize the egg, so much less that sea water as 
collected 15 often sufficient!} acid without alteration This is not 
surprising because a consideration of diffusion areas shows that an egg 
in the end of a capillary is subjected to a greater concentration of 
diffusion products of the egg (including CO*) than arc two eggs in a 
{ii'h under conditions of unrestneted diffusion The dc\ eloping Fncus 
(ce hr"; a relativeh high respirator} rate in the dark It is of the 
order of 5 times that of a fertilized sea urchin egg (WTiitakcr (7-8)) 

'1 he 'inele ceg in the capillar} therefore undoubted!} increases acidit} 
"Vi t it^'lf \cr} con'idcrabh, particular!} on the side with more 
ri -tnrtcd diffu‘=:on 
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can be given onlj as an observation Extended discussion of this 
phenomenon ivould be premature at the present time It might be 
noted, howe\ er, that although the relation n as not stressed in a pre 
vious paper, the data in Table I (Whitaker (5)) show that tivo eggs 
alone in a dish in the most basic medium used (pH 7 8-8 0) shoived a 
statistical tendenej to form rhizoids on the sides of the eggs ana> 
from the neighbor 

The vanable results obtained in capillanes m 1934 (see page 58) 
can be explained adequatel> by tlic variations of pH of the different 
samples of sea nater as it n as collected at that time (see Tig 3) 

In the case of the single egg in the capillary, responding to Us own 
diffusion gradient, in contrast to the aggregations of tno or more 
eggs affecting each otlier, there appears to be no possibility that the 
effect IS rmtogenetic 

Errors and Alleriialive Interpretations — So far in the discussion the 
view has been favored that the polanty of the egg is determined, de- 
pending on the hydrogen ion concentration of the medium, by a 
gradient of products diffusing from the egg Two or three other 
possibilities must be considered In the first place, substances coming 
into solution from the pyrex capillanes would be present in a concen 
tration gradient across the egg It was with this in imnd that only 
new, clean, soaked pyrex was used and that capillanes of pure fused 
silica (quartz) were substituted m Experiments 9 and 10, with essen 
tially similar results If there is any such effect from glass, or an 
effective differential adsorption from the medium, it also takes place 
in quartz It does not appear to the authors very probable that the 
pnnapal results are due to such factors 

Since the eggs in the dark consume oxygen at a relatively high rate 
(Whitaker (7-8)) a gradient of oxygen tension must be present across 
the egg in the capillary, m the opposite direction to the gradient of 
products diffusing from the egg A gradient of oxygen tension has 
never been established across Fuetts eggs to test its effect Winkler 
(10) found that an oxygen gradient across the eggs of Cystostra, 
another member of the Fucaceae, had no effect on the polanty in that 
form It has already been noted that a gradient of hydrogen ions 
and CO 2 does detenmne the polanty of the Fttetts egg, at least m 
shghtly aadified sea water, and this together with the pronounced 
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sensitivity of the phenomenon to pH and the general physiological 
effectiveness of hydrogen ions and CO 2 , suggests the greater impor- 
tance of these substances in the present instance The r61e of the 
oxygen gradient has not been determined, however, and it may be an 
important part of the picture In any event, it is not supposed that 
only one substance or its reactions determines polarity It is much 
more probable that a number of substances are involved, any one of 
which might become limiting The participation of some type of 
growth substance inside the cell, if not diffusing from it, appears quite 
probable on general grounds 

When acid is added to sea water, COj is produced, and when base 
IS added, CO 2 is absorbed from the air Until equihbration with the 
atmosphere has taken place, CO 2 will continue to be given to or taken 
from the air for a long time, with a resulting drift of the pH of the sea 
water If acidified sea water contained CO 2 considerably m excess 
of atmospheric tension at the start of an experiment m a capillary, 
further diffusion of excess CO 2 out into the air would proceed more 
rapidly from the medium outside the capillary than from the medium 
in the capillary, from which diffusion is partly restncted This would 
result in a gradient of CO 2 across the egg, and would correlate with a 
rising pH of the medium outside the capillary Conversely, alkalm- 
ized sea water not in equilibrium with atmospheric CO 2 would pro- 
duce a gradient of CO 2 across the egg m the opposite direction Since 
such artificial gradients would be m the right direction to explain the 
results, their magnitude must be considered The best measure is 
the dnft of the pH of the medium exposed to air 

A comparison of columns 7 and 6 in Table I shows that m 15 of 
the 18 measurements in Experiments 4 to 10 inclusive, in which the 
media stood for 13 to 40 hours after adjustment of the pH and before 
the beginmng of an experiment, the change in pH as measured was not 
more than 0 02 unit In two cases it was 0 13 umt All changes 
which took place were shghtly in the acid direction, as might be ex- 
pected from the action of microorgamsms If acidified sea water 
had been giving off CO 2 , it would have become more basic Column 
S shows the changes in pH of the media surrounding the capillanes 
in 24 hours after the start of the experiments Since the place of 
rhizoid ongin is determined m about the first half of this time, only 
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about half of the changes shown in column 8 took place dunng the 
significant penod Column 8 shows that the changes in pH arc \cry 
slight in most of the experiments, and ordinanlj the dnft of the pH 
of the media to which aad or base had been added was no greater 
than that of the normal sea water In all of these, the slight drifts 
arc predominantly in the aad direction, even in the aadificd sea 
water The pH values were measured to 0 01 unit, which did not 
exceed the limit of the glass electrode Such highly refined measure 
ment IS not regarded as fully significant, but the values are recorded 
as measured because the significance at least approaches such limits 

In view of the comparative constancj of the pH of the media in 
most of the experiments, it appears very probable that artifiaal COj 
gradients resulting from delayed equilibrations with the atmosphere 
after addition of aad or base must have been small compared with the 
gradients of catabolic COj established b> these rapidly respiring eggs 

SDMMASy 

1 IVhen a Fucus egg develops near one end in a close fitting capil 
lary tube of pyrex glass or silica (quartz), diffusion of substances 
passing to and from the egg is more impeded on the side of the egg 
toward the far end of the tube 

2 The egg therefore develops in a gradient of its own diffusion 
products, and of oxygen tension 

3 More than 600 eggs have been reared, each near one end in a 
capdlary, in sea water at various regulated and measured pH values 

4 When the medium, which is initially homogeneous inside and 
outside the capillary, is initially at pH 6 S to 7 6, nearly all of the 
eggs develop rhizoid protuberances on the sides of the eggs toward the 
far ends of the capillaries This is on the sides of the eggs where the 
concentration of substances diffusing from the eggs is greatest 

5 The polarity and developmental pattern of the egg is thus deter 
mined either by a concentration gradient of products diffusing from it, 
or by a gradient of oxygen tension The former inteipretation is 
favored 

6 This IS regarded as an extension of earher observations that 
rhizoid protuberances form on the sides of two neighbonng eggs m 
the direction of the neighbor if the sea water is aadified 
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7 It appears hardly possible that a mitogenetic effect could be 
responsible for the response of an egg to its own diffusion gradients 

8 When the medium is made more basic, the percentage of the eggs 
which form rhizoid protuberances toward the far end of the tube 
decreases to about 20 or 25 per cent between pH 8 1 and 8 6 The 
response of the egg to the gradients which it produces is thus statisti- 
cally reversed The determination of the polarity of the eggs by the 
diffusion gradients does not become as complete in alkahnized as in 
acidified sea water 

9 When the pH of the sea water is elevated to 9 1 or 9 2, salts 
precipitate out The t 3 TDe of development is altered and the control 
of the diffusion gradients over the polarity of the eggs decreases 

BIBLIOGRAPHY 

1 Rosenvinge, M L Kolderup, Influence des agents ext6neurs sur I’organisa- 

tion polaire et dorsiventrale des plantes, Rev ghi hot , 1889, 1, 53 

2 Kniep, H , Beitrage zur Keunungs — Physiologie und Biologie von Fucus, 

Jahrb wissensch Bot , 1907, 44, 635 

3 Hurd, A M , Effect of unflateral monochromatic light and group orientation 

on the polarity of genmnating Fuats spores, Bot Gaz , 1920, 70, 25 

4 IVhitaker, D M , Some observations on the eggs of Fuats and upon their 

mutual influence m the determination of the developmental axis, Btol 

Bull , 1931, 61, 294 

5 Whitaker, D M , The effect of hydrogen ion concentration upon the induction 

of polarity m Fucus eggs I Increased hydrogen ion concentration and 

the intensity of mutual mductions by neighboring eggs of Fuats furcaltts, 

J Gen Physiol , 1937, 20, 491 

6 WTutaker, D M , The effect of white hght upon the rate of development of the 

rhizoid protuberance and the first cell division m Fucus furcatus, Biol Bull , 

1936, 70, 100 

7 Whitaker, D M , On the rate of oxygen consumption by fertihzed and unfer- 

tilized eggs I Fucus vestculosus, J Gen Physiol , 1931, 16, 167 

8 I\Tiitaker, D M , On the rate of oxygen consumption by fertihzed and unfer- 

tilized eggs V Compansons and interpretation, J Gen Physiol , 1933, 

16, 497 

9 MTiitaker, D M , Induction of polarity in Fucus furcatus by a locahzed con- 

centration of hydrogen ions, Proc Soc Exp Biol and Med , 1935, 33, 472 

10 Winkler, H , tiber den Einfluss Ausserer Factoren auf die Theilung der Eier 

\on Cyslosira barhata, Ber bot Ges , 1900, 18, 297 



THE RATE OF COi ASSIMILATION BY PURPiC B iCTErwV 
AT VARIOUS WAVE LENGTHS OF LIGHT 

By C S FRENCH 

(From the hciser Tl tlhclm Insttiut Jtlr Zellphystohpe, 

(Accepted for publication, June 1, 

INTRODUenOS 



72 


CO 2 ASSIMILATION BY PURPLE BACTERIA 


algae has also been claimed without justification to show that the red 
pigment acts as a photosensitizer These speculations apply by 
analogy to green plant photosynthesis where the function of the 
carotmoids is still an unsolved though fundamental question GaS- 
ron (1934) found that photosynthesis took place rapidly with infrared 
alone showmg that hght absorbed only by the green pigment can act 
photosynthetically as is the case in green plants (Warburg and Nege- 
lein, 1923) It is the purpose of this paper to show that only the green 
pigment, bactenochlorophyll, is the hght absorber for bactenal photo- 
synthesis In the experiments of Roelofsen, using known intensities a 
better yield was obtained at the wave length which was absorbed 
more by the green than by the red substance in his purple sulfur 
bacteria 

We will discuss first the absorption spectrum of the live bactena, 
and notice the location of the bands due to the red and to the green 
pigments Then, we wiU show that the action spectrum for CO 2 
assimilation has bands that correspond m position only to those of 
the bactenochlorophyll Thus it becomes very clear that whatever 
the function of carotmoids, it is not photosensitization for CO 2 reduc- 
tion 


Principles 

The action method of determimng the absorption curve of a photo- 
sensitizmg pigment m cells m thin suspensions has been descnbed by 
Warburg and Negelein (1928 o), in their work on the respiratory 
enzyme of yeast Here the same pnnciples are used to study the 
photosynthetic pigment in purple bactena 

In a thm layer of homogeneous solution contaimng a dissolved 
colored substance, the amount of monochromatic hght energy ab- 
sorbed per umt time is given as follows 

-A7 = E = /oc^gArf (1) 

where Zo is the inadent intensity, c the concentration of the absorbing 
substance, /3 its absorption coefiScient, q the cross-section area, and 
AZ the thickness of the layer 

If the molecules undergo a photochemical reaction after absorbing 
hght 
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where £ is the energ) absorbed expressed m quanta per unit tune, IF 
IS the number of molecules changed per unit tune, y is then the num- 
ber of quanta required to change one molecule presumably a constant 
which 15 independent of wave length 
In the experiments on CMorella by Warburg and Negelein the quan 
turn yield did not varj appreciablj with wave length A sunilar 
case has been found in the actuation of Oj by chlorophyll under the 
influence of visible light by Gaflron (1927) This assumption is made 
in the determination of the absorption spectrum of the respiratory 
enzyme by Warburg and Negelcm (I928fl) and shown to be correct 
by their expenments on the dissoaation of CO ferrocy stein and of 
CO hemochromogen (Warburg and Negelein (1928 A)) Tor the as 
similation of COi with H by Sircpiococcits lariaiis 7 = 4 but it has 
not been determined in Spinllum riibrim 
Combining the two expressions 

E-yW - ItCpqM (3) 

It, being expressed in quanta If /' = incident intensity m ergs, then 

„ „ c0£Kpd 


where h is Plank’s constant and C the speed of light 
Evaluating and converting to caloncs 

_ c^IM eSSKlO-^KSKlO" 
T ^ X X 10-' X 4 18 X 10' 

c^Iitd 4 71 

TT « ^ X -- X 10-» 

1 >■ 


where h is expressed in mp 
Solving for 


, alEX 
hcg&d 


X 2 13 X 10» 


In applying this equation to a thin suspension of bacteria or other 
cells in water we need only make the assumption that the light in 
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tensity is not very different in different parts of a single cell, that is, 
that a beam of light in passing through one bacterium is not greatly 
weakened If Ad is so small that all parts of all the bacteria receive 
practically equal monochromatic intensities (j c , small absorption 
by the suspension as a whole), then the amount of energy absorbed will 
be equal to the intensity X the exposed area X the thickness X the 
concentration of pigment m the suspension X the absorption coeffi- 
cient of the pigment For the absolute measurement of quantum 
yields, all these quantities need to be evaluated, but for purposes of 
comparing the relative absorption coefficients for different wave 
lengths, it suffices to hold all terms but I and X constant dunng one 
experiment The measured relative rates at different wave lengths 
will then be proportional to /3 (Warburg and Negelein, 1928 b) 

The expression then reduces to 

IVx W 

&K* — *— or expressing /o m quanta = ■— 

Ii io 

It has been found experimentally (Figs 4 and 5) that in the range 
of intensities used, W is a linear function of h wave length being 
constant The intensity, A, falhng on, and for the most part passmg 
through, the suspension is measured bolometrically W is determmed 
by the manometnc measurements of CO 2 assimilated Using the 

assumption that the quantum efficiency, - (whatever its value) is 

7 

constant within the spectral range concerned, ^ K is thus measured 
for a number of wave lengths 

EXPERIMENTAL 

The Absorption Spectrum of the Pigments in the Living Bacteria 

Pure cultures of Spirillum rtibrum (strain 51), kindly given us by Professor 
C B van Niel were grown in the following medium about 2 days at 35° in the 
hght with 5 per cent CO 2 m argon as descnbed elsewhere (French, 1937) 
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Ihc cullurt \\a5 ccnlrifugcd and the bictcna <u-;i>cndc(i in tap water Two 
identical absorption \cssels were filled with a «;uspcn«ion and the absorption of 
botli was found to be identical when measured with a pliotoeleclric spcctro- 
photoniclcr One \csscl kept cool with running water was then placed close to a 
quartz mcrcur\ arc for about an hour to bleach the pigment m the cells Measure 
ments of absorption of the pigments were then made at \arious wa^c lengths 



Tig 1 The rchti\c ab orption curve of the pigments of Spirillum nibritm 
in the living bacteria measured photoelcctncalJ> using a scattering control of 
bleached bacteria The maxima marked with letter R are those of the red 
pigment, spinlloxinllim while those labelled G arc due to the green bacteno- 
chlorophvU Infrared wave lengths mat be imccurate due to the small dis 
persion of glass m this region 

b\ using the bleached suspen ion /or scattering control The vessel was placed 
directlv in front of the photocell to collect a large pirt of the scattered light 
The curve of Tig 1 presents live combined results of two such experiments 
As the monochromators used for this measurement did not have sufiiaent disper 
Sion for accurate work m infnred a spectrogram was made m this region to 
determine more prcciseK the band po ition Fig 2 shows one prominent band 
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in the near infrared \Mtli a nia\iinuin at 880 m/i and suggests a vtr\ faint one at 
800 mg The spectrum of SticpIococcHS Miians is aKo shown for comparison 
It has bands at 860 and 800 mg (French, 1937) 

Moist bacteria extracted in the dark at 0° witli inctln I alcohol give 
up the bacteriochlorophyll, but retain ntarh all the carotinoid which 
IS, howexer, easih extractable with acetone In Fig 3, we see a 
relative absorption curx''e of such a bacteriochloropln 11 extract pre- 
pared in the dark at 0° and measured nith vert^ dim light A few 



1000 900 600 TOO 
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Fic 2 Infrared spectrograms of living Spinlliiiii mhitm {B and C) as com- 
pared with Slicplocorciis conaiis (4) (D) is llie light alone without anv bac- 

teria Taken with a 7eiss spectrograph for chemists using the grating 

minutes m the ordinar} light of a room turns this solution from a clear 
light green to brown The large near infrared band is shifted b} 
extraction from 880 m/i m the bacteria to 770 myu m methyl alcohol 
The yellow band is shifted from 590 to 605 It is interesting to note 
that these bands are not both displaced 111 the same direction From 
this figure, i\e can identify the bands marked with letter G in Fig 1 
vliicli belong to the green pigment Thex’- are at 880, 590, and 420 
mg in the In mg cells, and 770, 605, and 400 mg m the methyl alcohol 
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extract The bands at SSO, 51S, 490 mis, marked X, can easily be 
identified as belonging to the red pigment desenbed by van Niel and 
Smith v,ho give an absolute absorption spectrum in CSj of the red 
pigment from this same strain of bactena 



Fig 3 Relative absorption curve of the green pigment in methyl alcohol 
0 2 cc moist cells extracted m the dark at 0 with 5 2 cc. absolute methyl alcohol 
The extract was kept in the dark and measured at room temperature with very 
weak light 

Monochromaltc Light Sources 

The hght used m makmg the photodiemical action curve was obtained from 
a mercury lamp a sodium lamp or from a filament lamp in which case the light 
was dispersed by pnsms and certain spectral regions isolated with a slit With 
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the metallic vapor lamps, the filters given by Kubowitz and Haas (1932) were 
used for isolating single hnes Since the experiment was performed, it has 
appeared that the Osram caesium tube has abundant intensity at 852 and 894 mg 
(French, 1937) It may also be possible to use the Na line, 819 mg, for similar 
experiments 

The instrument designated m Table II as the two pnsm monochromator has 
an openmg of 1 1 with usable prism faces of 10 cm and was built for work in the 
visible region by B Halle, Nachfolger, Berlin The light from the single coil 
lamp passed through a quartz condenser was thereby made nearly parallel, then 
converged on the sht with a crown glass lens similar to the colhmator mside the 
instrument All three of these lenses have an openmg of about 11 To obtain 
greater dispersion in the near infrared, the instrument was built over, adding two 
more prisms and disposing of the entrance sht and the three large aperture lenses 
A 160 mm focus collimator larger than the prisms collected the hght from a 
narrow coil filament placed at its focus This arrangement was similar in prmaple 
to the apparatus used for red hght by Warburg and Negelein (1923) 

An image of the filament coil was spread over the plane of the curved exit 
sht by the ongmal telescope lens which was retained in the instrument The 
lamp, colhmator lens, and first prism were mounted together on an optical bench 
which was supported by a pivot below the inner comer of the first pnsm The 
other end was supported by the table and earned a pointer shding over a fixed 
Imear metal scale The third and fourth pnsms were those of the ongmal 
instrument movable in relation to each other by a screw beanng a dmm and 
scale Empirically a relationship between the two scales was found which kept 
the telescope lens evenly illuminated This was essential as a monochromatic 
image of it was cast by lenses and nurrors beyond the sht on the plane of the 
experimental vessel in the thermostat Wave length cahbration was earned 
out m the visible with a hand spectroscope checked agamst mercury hnes The 
scale readmgs were plotted on dispersion paper and extrapolated to include the 
mfrared The dispersion then was roughly 546-578, 4 8 mm , 578-692, 5 2 mm , 
692-773, 4 9 mm , and the minimal region which could be isolated by an in- 
finitely narrow exit sht at 500, IS mg, at 550, 20 mg, at 600, 23 mg, at 650, 30 
mg, at 700, 40 mg, and at 900, 60 mg 

The region isolated by a definite sht width was taken from the dispersion 
curve as twice the sht width and is shown by the bars in Fig 6 The intensity 
could be dirmmshed by various amounts using neutral glass filters 

Before or after the expenment, the hght beam was concentrated mto the 
bolometer by shiftmg the position of the lenses and the total energy entering 
the thermostat thus determmed Durmg an expenment, constancy was checked 
by an ammeter in senes with the lamp The diameter of the hght circle at the 
plane of the manometer vessel was measured by marking in pencil on ground 
glass held m a brass frame After correctmg for the reflection and water absorp- 
tion, the total energy divided by the area over which it is spread gives the in- 
tensity inadent on the bactena Water absorption was calculated from the 
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%'alues gi^cn m Landolt DOrnstcin which were checked for 850 mu mth water 
from the thermostat The length of light path from the quartz entrance window 
to the vessel was 15 cm so that about half the light of wave length 850 was 
absorbed before reaching the suspension 

Wc then have the intensity 

21,300 TmR 

li — - — X X 10“* cala/cm Vmin 

0 B 

21,300 X 10"* IS a constant cialuated in the bolometer calibration, 
U =ohms required to bring the galvanometer pointer back to zero 
when the bolometer is irradiated, T = fractional transmission of 
IS cm water for the wave length measured, R = reflection, and mirror 
loss factor = 0 875, S = area of light beam at the position of the 
vessel 

We ma> express the light mtcnsitj m quanta per minute entering 
the vessel (/o) by a conversion factor deni cd as follows 

1 quantum - Ar «ga - cals 

^ i5 55 X 10-«’X3X10'‘ 

X X 4 IS X 10' “ 

Convertmg k from centimeters to m/i and solving 

470XI0-" , 

1 quantum cals. 

or 1 cal “ X X 2 13 X 10” quanta 

Since the area of the vessel is 20 S cm ’ the number of quanta entering 
per minute is 

/, = 7, X 205 X 2 13 X 10« 

The Rate of Photosynihests at Different IVave Lengths 
The handling of the cells was fmrly similar to the procedure de 
scribed elsewhere for quantum yield experiments The same vessels 
were used, though the control and experimental vessels were mter 
changed on the manometer arms For these experiments the bac- 
tena after being centntuged were suspended in the growth medium 
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ol : 1 I I 

Cals/min 0 10 20xl0'3 


Light intensity 

Fig 4 Rate of CO2 assimilation as a function of light intensity Large 
silvered differential manometer, 10 cc liquid containing 259 c mm cells Gas 
10 per cent CO2 in argon Wave length band 825-865 mfi isolated with the 
four prism monochromator Area of light beam 30 5 cm area of vessel bottom 
19 2 cm * Light intensity given in calories entering the vessel per minute 
Assuming total absorption, apparent 7 =■ 17 quanta per CO2 disappeanng from 
the gas phase 



Fig 5 Rate of CO2 assimilation as a function of visible light intensity and 
density of suspension Light from a 10 ampere filament lamp filtered through 
6 cm water + 3 cm 25 per cent FeSOi m 10 per cent H2SO4 Cells in 0 033 m 
KHCO3 + 0 01 M K butyrate m tap water 
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at the desired concentration and assimilation of COi measured in an 
atmosphere of 5 per cent COj in argon In the dark, there n as a high 
fermentation rate Assimilation was measured as an apparent de 
crease of this fermentation in the light Dark readings were taken 
between the illumination periods The vessel constant 2 16 

at the experimental temperature of 25°C with 6 6 cc of suspension 
The number of molecules of COj removed per minute from the gas 
phase IS given by 


- (AA - AAi„k) X 1 17 X 10'* 


TABLE I 


Cell wlume (c v ) 

Liquid \oIume (Fj) 
EzpenmenUl vessel volume (V) 
Control vessel volume (T ) 
Temperature 
Gas 

Vessel constant (ATcOj) 

Area of light beam (B) 

Arcs cl vessel bettem 
Reflection coneclion factor (R) 


Eipcrlmnt 1 ; 

Expcriaent 2 

150 c.mm 

150 c.nim 

6 60 cc. j 

6 60 cc 

23 IScc. 

23 15 cc 

19 37 cc 

19 37 cc 

25 0 C 

25 0 C 

S COi/argon 

5 COj/argon 

2 16 1 

2 16 

38 5 cm * 1 

36 5cm* 

20Jcm» , 

20 Jem * 

1 0 

1 1 0 


Approximate initial proportionality between intensity, density of 
suspension, and rate of assimilation is shown m Figs 4 and S The 
experiment summarized in Fig S was performed with Mr Erwin Haas 
The rate of photos}Tithesis of a thin suspension was measured with a 
number of different wave lengths and the mols of COj disappearing 
from the gas phase per madent quantum tabulated No account is 
taken of the COi change in the solution and the amount of absorption 
IS not known, the data only give the relative absorption spectrum of 
active pigment and must not be used for effiaency calculations The 
data are presented in Tables I and II, and plotted m Fig 6 Repeated 
attempts with Mr Haas to measure the absolute quantum yield at 
S89 m/jL by extractmg the pigment and measurmg its absorption m 
methyl alcohol were not significant, even when the shift on extraction 









lamp Filter 3 cm 
25 per cent 
FeSO< m 10 
per cent 
HjSOi 
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of the position of the maximum n as taken into account Apparently, 
large numbers of quanta (about 15) were always required to reduce 
one CO Probably the high fermentation rate in the dark interfered 
with this measurement 



Fig 6 Rate of COj assimJaUon of a very difute suspension as a function of 
wave length of inadent light Rate scale represents molecules COj X 100 per 
inadent quantum. This curve is m clfecl the relative absorption curve of the 
photosensitizing pigment 


MSCOSSION 

The carotinoids do not plaj a photosensitizmg rOle m bactenal me 
tabolism Therefore, some other factor than photosynthetic activity 
must have been the cause of bactena collecting at the red pigment, as 
well as at the green pigment, absorption bands in the excellent ex 
penments performed long ago by Engelmann (1888) and confirmed by 
Buder (1919) There is no doubt as to the correctness of their obser 
vations, and apparently the effects observed are due to onented 
swimrmng of the bactena and not merelj to an mcreased growth rate 
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in certain wave lengths Experiments on phototaxis as a function of 
wave length by Blaauw (1909), Castle (1931), Johnston (1934), 
and Voerkel (1933), show that for this process, blue light is most 
effective It would then be reasonable to expect that in the spectrum 
projection expenments purple bactena would collect only at the bands 
of the carotinoids In other work with motile photos 3 mthetic green 
algae, Engelmann (1882) found that the algae moved toward a higher 
O 2 concentration along a gradient set up by O 2 hberation from the 
algae themselves when in red light Thus, an apparent phototaxis to 
wave lengths of light most useful for photosynthesis turned out to be 
only a masked chemotaxis having nothing to do with orientation to 
light It is perhaps possible that the collection of bactena in infrared 
and at their 590 m/i band is nothing more than a chemotaxis m a 
CO 2 gradient caused by CO 2 utihzation m hght which is most active 
for assimilation 

Spirillum ruhruvi has one infrared band at about 880, and possibly 
one at 800, while Streptococcus varians has one at 860 and another 
smaller one at 800 Quantitative determinations of the absorption in 
the near infrared are needed on aU available strams of photosjmthetic 
bacteria to find out if these differences indicate different pigments in 
the various species 


SUMJIARY 

1 The relative absorption spectrum of the pigments m their natural 
state m the photosynthetic bactenum Spirillum rubriim is given from 
400 to 900 mil The position of the absorption maxima in the hve 
bacteria due to each of the pigments is green pigment, 420, 590, 880, 
red pigment, 490, 510, 550 

2 The relative absorption spectrum of the green pigment m methyl 
alcohol has been determined from 400 to 900 m/i Bands at 410, 605, 
and 770 m/i were found 

3 The wave length sensitivity curve of the photosynthetic mecha- 
nism has been determined and shows maxima at 590 and about 900 m/i 

4 It IS concluded that the green bacteno chlorophyll alone and not 
the red pigment can act as a light absorber for photochemical CO 2 
reduction 
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This work^ as made possible bj Professor Otto Warburg, to whom I 
\vish to express my deepest thanks for the laboratory privileges and 
for his constant interest and advice To Air Erwin Haas, I am very 
grateful, for some of this work was done jointly with him and his help 
many times assured the success of an experiment It is a pleasure to 
thank Professors Robert Emerson and C B van Niel for their criti- 
asm of the manuscript 


BIBLIOGRAPHY 
Blaauw, A H 1909, Rec trav hot tUcrl 6, 209 
Buder, J, 1919 Jahrb wissensch Sot ^ 68, 525 
Castle, E S, 1931, J Gai Phystol , 14, 701 
Emerson, R , 1936 Lrgebn Cn^ymforsch , 6, 305 
Engelmann T W, 1882, Arch ges Phystol, 29, 387 
Engclmann, T W, 1888, Arch ges Phystol, 42, 183 
Iischer H, and Hasenkamp J, 1935 Ann Chem , Berlin, 616, 148 
French, C S 1937, / Gen Phystol , 20, 711 
Gaffron, H, 1927 Per chm Ges , 60, 755 
Gaflfron H, 1934 Btochem Z, Berlin 269, 447 
Gaffron, H , 1935, Btochem Z , Berlin 279, 1 

Johnston E S , Phototropic sensitivity m relation to wa\elengtb, 1934, 5mi/Ai 
soman lUsc Colleetions, 92, No 11 
Karrer, P , and Solrassen, U , 1936, Jlelv Chim Acta 19, 3 
Kubowitz, F, and Haas, E , 1932, Btochem Z , Berlin, 266, 247 
van Niel, C B , Photosynthesis of bacteria in Cold Spring Harbor symposia on 
quantitative biologj Cold Spnng Harbor, Long Island Biological Associa 
tion, 1935, S, 138 

van Niel, C B , and Smith, J H C . 1935, Arch Mthrohol , 6, 219 
van Niel, C B 1936, Arch Mtkrohwl 7, 323 
NoacL, K , and Schneider, E , 1933, Nalnrwtssmsckojten 21, 835 
Roelofsen, P A , 1935 On photosynthesis of the Thiorhodaceae, Thesis, Utrecht 
127 pp 

Schneider, E , 1934a, Z fhystol Cftew,226, 221 
Schneider E , 1934 b, Ber bot Ges , 62, 96 
Vocrkel, S H 1933, Planla, 21, 156 

Warburg 0 , and Ncgelem, E , 1923, Z Fhys Chtm 106, 191 
Warburg, 0 , and Negelein, E , 1928 a, Btochem Z , Berlin, 193, 339 
Warburg, 0 , and Negelein, E , 1928 b, Btochem Z , Berlin, 200, 414 
Warburg, 0 1928, Nalurunssenschaften 20, 345 




EXCITATION THEORIES OT RASHEVSKY AND HILL 
Dv FRANKLIN OFFNER 

{Frcm the Department of Phyitology, Untversity of Chicago, Chicago) 
(Accepted for pubbcation, Apnl 23, 1937) 

Blair (1932) proposed the equation 

Jp/dt - KI -hp (1) 

to describe the change of the excitatory process of nerve, />, under 
the action of a current I K and I arc constants, and action results 
when p exceeds some threshold value It The equation fits extensive 
experimental data but is quite unable to account for the anodic exata- 
tion at break and for non exatation by slowly nsing currents Ra- 
shevsky (1933) added a parallel equation for an inhibitory process, 
or threshold rise, 

de/dl - KI - kfe -e) (2) 

di/dl - in -mft-t) (3) 

where K, k, M, and m arc constants, e the excitatory process, and t 
the inhibitory one Action results when c & », and for m << k 
and K/k g M/m ( M << K), the negative process, that is, slower 
than the positive one, these equations satisfy the two phenomena not 
covered by Blair’s treatment as well as those which are These 
equations can also be gi\ en a phj sical interpretation in terms of the 
migration of two antagomstic ions, e and » representing their respec 
tive concentrations 

Hill (1936) proposed another set of equations, based on Blair’s 
equation for the excitatory process but assummg that the negative 
one, or threshold nse, is a function of the magnitude of the excitatory 
process at any mstant rather than of the magnitude of the stimulating 
current — as assumed by Rashevsky The differential equations he 
implies are' 

' I have substituted k' for Hill's k to avoid confusion with Rashevsky s 
89 
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(4) 

(5) 


dV/dt = hl -{V - Vo)/k' 
dV/dl = p{V - V.) -(U - Uo)/\ 


where V is the excitatory process, U the threshold, and b, k', P, 
and X constants, with "K >> k' Action occurs when V equals or 
exceeds U 

Though Hill’s equations describe a physical picture of inhibition 
or accommodation somewhat different from Rashevsky’s, it can be 
shown that both treatments lead to identical equations for strength — 
duration curves obtained with any form of stimulating current varying 
as an arbitrary function of time 

Integration of (4) and (5) gives respectively 


V = Vc-\- be-‘l’‘' 

re-’t 

}o-o 

(6) 

U = Uo + j 

( (VB-Vc)e^'^dB 
fl-O 

(7) 


where Ve is the instantaneous value of V at time d Substitution of 
(6) in (7), with appropriate change m the argument and interchanging 
the limits of integration gives, after some rearrangement. 


U =Uo + 


pblk'}./ik' - -K)] r ^ d9 - e-‘l^ T \c^l^dA 

ye-o J 


(8) 


Equations (6) and (8) give for the condition that at time t, V = U 
and, therefore, action occurs 


[(X 


re~t 

- k’)/p\k' + / le^l’^'de = (JJo - 0(X - k’ 

Je-o 


)/bp\k' 




r 

Js-o 


( 9 ) 


do 


Solution of Rashevsky’s equations (2) and (3) gives. 


e = Co + Ke J 

re~i 

1 de 

e-o 

(10) 

1 = to + Me-^‘ 

re-t 

/ le^Ud 

/e-0 

(11) 
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and again for the condition that at time t, c = t and action occurs, 

rt-i ri-i 

/£*•<?«- + / W^do ( 12 ) 

Jt-d Ji-d 

Equation (12) for the strength — duration relationship derived from 
Rasheiskj’s theory is identical i\ith the parallel equation (9) derived 
from Hill’s, proa idcd 

A/u - (X - tq/uxi +1 (. -e)/i{-(U - V )cx - tq/{flXF 

t » l/t m O lA (13) 

Assuming with Hill a “normal accommodation,” is equivalent to 
putting P = 1/X (Hill) or K/^f = k/m (Rashevsky) Relationships 
(13) then become 

(i -<)/lf»(£/ -l')(X-Fq/M t=l/4 m-lA (14) 

Thus any prediction as to exatation by any arbitrary current form 
deduced on the basis of one theory can, by suitable choice of con 
stants, be exactly duplicated by the other, and it becomes impossible 
to distinguish between the theories by anj such experiments 

I wish to express my appreciation to Dr R W Gerard who sug 
gested this investigation 
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\nSUAL ADAPTATION AND CHEMISTRY OF THE RODS* 
Bv GEORGE WALD and ANNA BETTY CLARK 
{From the Biological Laboratories^ Harvard University, Cambridge) 
(Accepted (or publication, July 1, 1937) 

Sucty years ago KUhne' concluded from direct observation of frog 
and rabbit retinas that visual purple may be synthesized b} tno 
processes a slow "neogencsis” from colorless initial stages, folloiving 
intense and protracted irradiation, and a three to four times faster 
“anagenesis” from yellon initial stages, follomng "incomplete bleach- 
ing ” 

Ncogenesis and anagenesis may now be identified with the formation 
of rhodopsin from vitamin A and from retmene respectively, as de 
senbed in part m the equations (Wald, 1935-36 a, b) 

Rhodopsui 

r 

Vitamra A + prolan * RcUnene + proton 

(“Visual yellow ') 

The synthesis and removal of rhodopsin in the retina are reflected m 
the sensory phenomena of dark and light adaptation (Hecht, 1919-20) 
It should be possible, therefore, to test the reality of the chemical 
formulation in vtvo with properly designed adaptation experiments 

The chemical equations permit the following specific predictions 
concerning dark adaptation 

1 Exposure of the dark adapted eye to a short, intense flash of light 
should convert a large quantity of rhodopsin to retmene, but little 
retmene should have had time to form vitamin A Directly following 

• A report of these experiments was presented at the Spnng meeting of the 
Amencan Physiological Soaety, 1936 A partial abstract has been pubhshed 
(IVald and Clark, 1936) 

* Ewald and Eflhne 1878, p 276, Ayres and KUhne, 1878, p 234, summanzed 
by KUhne, 1879, p 317 


93 



94 
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such exposure, dark adaptation should depend principally upon reac- 
tion (2), and so should be relatively rapid 

2 Long illumination of the eye should bring the visual cycle to a 
steady state Dark adaptation following such exposure should con- 
tain a maximal contnbution from reaction (1), and so should be rela- 
tively slow 

3 Smce retinene is removed to form vitamin A in addition to rho- 
dopsin, dark adaptation as it proceeds should depend increasingly, 
and finally entirely, upon reaction (1) The latter portions of dark 
adaptation, therefore, should displa})- the comparatively simple 
character of the slow process alone 

Our experiments venfy these predictions Between given initial 
and final thresholds the rods may dark adapt along many paths, 
depending upon the penod and intensity of the preceding light adapta- 
tion The early portions of dark adaptation are rapid followmg short, 
slow following long irradiation As dark adaptation proceeds, the 
slow process grows increasingly prominent, and occupies completely 
the later stages of adaptation 

The complete descnption of hght adaptation includes these phenom- 
ena Following increasing lengths of exposure to hght of constant 
intensity, the visual threshold nses, as the concentration of rhodopsin 
decreases Independently, the speed of dark adaptation falls, as the 
proportion of vitamm A to retinene rises Both variations cease as 
the \nsual cycle attains a steady state, the end of the hght adaptation 
process 


I 

Methods 

Light Adaptation — The subject faced an opal glass screen 18 3 X 23 5 cm 
placed about a foot from the eyes This transmitted the illumination from a 
1000 ivatt lamp mounted upon a track Bnghtness was vaned by moving the 
lamp toward and away from the screen No artificial pupil was used 

In most expenments the tvo eyes were adapted to different bnghtnesses and 
for different times For this the subject wore goggles, over either window of 
which a bhnd or a neutral filter could be fitted To adapt the eyes for different 
penods, the bhnd vas placed over one eye during the mitial portion of a hght 
adaptation, and removed for its final portion To adapt the eyes to different 
bnghtnesses, a neutral filter was fitted over one eye, the other receiving the full 
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illumination from the sacen Both procedures ^cre frequently combined 
One e>c, fitted ^ith a filter, v^as adapted for a long penod to a low intensit> , the 
other c>e, darkened for the first portion of the irradiation, v.as exposed for a 
shorter interval to the full adapting intensity 

Dark Adapiation — Pcnodioilly during dark adaptation, the threshold of either 
eye was measured, using a arcular test field 0 44® m diameter, located 9 8® to the 
right of a small, bnght fixation pomt The latter was illuminated continuously, 
the field itself exposed for short flashes by means of a camera shutter operated b> 
the subject and set at 1/50 second The intensity of the lest field ■w'as regulated 
with the adaptometer of Derby, Chandler, and Sloan (1929), loaned to us through 
the courtes> of Dr J Herbert Waite of Boston In this instrument the lUurama 
tion IS varied by means of a pair of neutral circular wedges rotating m opposite 
directions so as to compensate each other The adaptometer was mounted in a 
special assembly and was recalibrated b> Dr C P Winsor of this Laboratory 

Procedure — The subject was left in complete darkness for 15 to 30 mmutes 
depending upon previous exposure to hght She was then light adapted for the 
prescribed interval At its dose the adapting light was turned off TTie observer, 
havmg fixated her e>e, proceeded to flash the test illumination mitially set at a 
sub-threshold intensity Between chcLs of the shutter the operator raised the 
intensity by regular steps of about 0 02 log unit, until the subject reported that the 
field had been seen The operator noted time and wedge reading Penodically 
this procedure was repeat^ All obseiaations were monocular, usually with 
alternate eyes It was found that readings <xmld be made as often as desired — 
occasionally up to twice withm a minute upon a single c>e — without materially 
disturbing the course of adaptation 

Measurements 

Light Adaptation to Various InlenstUeSt Long Exposures — The dark 
adaptation of the subjcct^s left eye wasmeasured following 7 minute 
exposures to 30 3, 105, and 643 millilamberts Individual threshold 
determinations are presented in Table I and Fig 1 

Dark adaptation following exposure to 643 millilamberts shows a 
distinct break at about 4 mmutes This occurs earher and less 
abruptly in the 105 millilambcrt curve, and is absent from the 
30 3 miUilambert function Similar breaks appear m the uppermost 
curves of Figs 2 and 3 They are due to transitions from cone to rod 
thresholds (Hecht, Haig, and Wald, 1935-36) The cone functions 
precede the breaks, and when present seriously hinder the expenments 
by preventmg the measurement of imtial rod thresholds The ex 
tended smooth functions which follow the breaks are due to rods, and 
are the concern of the present investigation 
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If rod dark adaptation curves depended upon a single process, they 
should all form segments of a single function However, the curves 
shown in Fig 1 vary m form, and cannot be supenmposed by any dis- 
placement on the time axis The general implications of this vanation 
have been discussed by Winsor and Clark (1936) The first few min- 
utes of rod dark adaptation become markedly slower as the intensity 

TABLE I 


Dark adaptation following 7 minutes ex-posure to 30 3, 105, and 643 milli- 
lamberts, and following 10 seconds exposure to 1890 millilamberts Subject 
A -B C Time in minutes, thresholds in millilamberts 


Left cje 

7 miD erposure 

Right and left eyes 

10 sec eiposure 

30 3 millilamberts 

1 105 nwlhlamberts 

643 millilamberts 

1890 milhlamberts 

Time m 

Log 

Time in 

Log , 

Time in 

Log 

Time in 

Log 

dark 

threshold 

dark 

threshold i 

dark 

threshold 

dark 

threshold 

0 5 

2 26 

0 7 

2 68 

0 5 

2 99 

0 6 

i 07 

1 7 

3 86 

1 4 

2 49 

1 5 

2 85 

1 0 

2 80 

2 7 

3 77 

2 3 

2 42 

3 3 

2 82 

1 4 

2 68 

3 5 

3 68 

3 1 

2 32 

4 2 

2 66 

2 0 

2 44 

4 6 

3 58 

3 9 

2 21 

5 6 

2 49 

3 0 

2 26 

5 7 

3 46 

5 2 

3 97 

6 9 

2 32 

3 8 

2 06 

7 4 

3 41 

6 8 

3 85 

8 6 

2 04 

4 9 

3 83 

8 5 

3 36 

8 5 

3 74 

10 7 

3 78 

6 3 

3 67 

10 1 

3 31 

10 5 

3 62 

13 7 

3 51 

7 9 

3 44 

11 6 

3 26 

12 8 

3 39 

17 1 

3 34 

9 6 

3 29 

13 6 

3 19 

17 1 

3 24 

21 7 

3 34 

11 2 

3 16 

19 2 

3 09 

20 6 

3 24 

23 0 

3 34 

13 0 

3 08 

23 8 

3 06 

25 5 

3 22 

26 8 

3 31 

16 5 

3 06 

28 0 

4 99 

29 1 

3 19 

30 6 

3 24 

20 5 

3 04 

33 7 

3 04 

35 0 

3 17 

34 8 

3 21 

25 7 

3 04 



36 3 

3 14 

1 


30 5 

3 03 





1 


35 4 

3 04 


of the adapting light rises, indicating more complete dependence upon 
the slow synthesis of rhodopsin from vitarmn A This result is due to 
some precise arrangement of reaction orders in the visual cycle, and 
could not have been predicted from chemical information now avail- 
able Folloiving long exposures to light more intense than about 200 

Tnillilnmhprts tbfi parlv nortinns nf rod dark adantatinn aro bidden 
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behind the cone function, and these changes m veloaty can no longer 
be detected * 


Duality of J^od Dark Adaplaiwn — Simultaneous with the three 7 
minute exposures of the subject's left c> e desenbed above, the right 
eye was exposed to 1S90 millilamberts for 20 seconds In an added 
expenment, to permit companson of all functions m the left eye, both 
eyes were simultaneously adapted to 1S90 millilamberts for 10 seconds 
The dark, adaptation curves obtained in these five experiments were 


o 

A 

n 

o 

i* 

s: 



Minutes in dank 

Fig 1 Dark adaptation following long exposures to moderate mtensities and 
short exposure to a high intensity Following 7 minute exposu^ rod dark 
adaptation is slower the higher the light adapting intensity FoUowing the 10 
second exposure, dark adaptation is extremely rapid 

identical The individual measurements are plotted as sohd arcles m 
Fig 1 , their averages are presented in the last two columns of Table I 

Dark adaptation following 10 seconds' irradiation is very much more 
rapid than following long exposures Companson of the 10 second 
function with each of the 7 mmute curves in Fig 1 illustrates three 
aspects of this relation 

*Hecht Haig and Chase (193fr-37) have measured dark adaptation follow 
mg 2 mmute exposures to a wide range of mtensities The portions of their 
results pertment to the present discussion agree essentiaUy with those of Winsor 
and Clark and with our own experiments 
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The 10 second and the 7 minute 643 milhlambert curves possess 
the same initial thresholds, but the former reaches a constant mini- 
mum within about 15 minutes, while the latter is still incomplete after 
35 minutes This comparison is complicated by the fact that the 
initial thresholds of the 10 second curve appear due to rods, those of 
the 7 minute curve to cones, the degree of rod light adaptation was 
apparently very much higher in the 7 minute exposure 
The 7 minute 105 milhlambert curve appears to correct this dis- 
crepancy Its initial rod tlircsholds seem to coincide approximately 
with those of the 10 second function Still the 7 minute curve is 
clearly very much slower, and adaptation remains incomplete after 
35 minutes 

Finally, comparison of the 10 second uuth the 7 minute 30 3 milh- 
lambert function shows this distinction unequivocally The former 
adaptation starts with thresholds more than five times higher than the 
latter, yet is so much faster that it overtakes and ciosses the 7 nunute 
curve after about 8 minutes of dark adaptation, and is complete about 
8 minutes sooner This experiment has been repeated a number of 
times, interchanging the light adaptations of the two eyes, with iden- 
tical results 

It IS clear that the length of exposuie to light introduces changes in 
the character of rod dark adaptation for which adjustment of the 
intensity fails to compensate Dark adaptation following short ex- 
posures IS much more rapid than that following long irradiation This 
is the result predicted from the chemical formulation ® 

Light Adaptation to Vaiions Inknsthes, Short Exposures — ^Dark 
adaptation was measured following 5 second exposures to 3 6, 12, 120, 
245, 750, and 890 millilamberts and after the 0 02-0 04 second ex- 
posure to a photoflash lamp (Mazda, No 20, 45,000 lumen-seconds) 
Typical results are presented in Table II and Fig 2 

As the mtensit)'- of the adapting light falls, the speed of dark adap- 
tation increases, progressing toward more complete dependence upon 
the rapid sjmthesis of visual purple from retinenc We were unable 
by lowering the intensity to drive the system into a limiting state, in 
which further dimming of the adapting light produced no further 
changes m the speed of dark adaptation It appears impossible, 

^ Riggs (1937), using an electrometric procedure, has found a similar phe- 
nomenon in the "cone” dark adaptation of the frog eye 
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therefore, to isolate the rapid reaction by these means This con 
firms a prediction from the chemical formulation Smce rctinene 

TABLE n 

Dark adaptation followng 5 see exposures to 3 6-1890 miUilamberts, and 
following 1/50-1/25 sec. exposure to a photoflasb lamp (Mazda, No 20) Sub- 
ject ABC Time m minutes, thresholds in millilambcrts Thresholds of the 
left eye are pnnted in bold face 1)156 


lotcnslty of exposure 


3 6 mDUlxmbcrts 

2fS mninambcrU 

7S0 suUOemberts 

1890 mllliliiaberts 

Photolluh 

Time In 
cUrk 

Loz 

thrahold 

Time In 
dirk 

Log 

tlirerhold 

Time In 
dirk 

Lor 

tbmbotd 

Time In 
dirk 

Log 

thrahold 

Time in 
dirk 

Log 

threshold 

0 1 

3 68 

0 2 

2 73 

0 3 

2 92 

0 4 

i 07 

1 2 

1 02 

0 4 

3 21 

0 5 

2 23 

0 6 

2 61 

0 7 

i 02 

2 1 

2 96 

0 7 

3 11 

1 0 

3 94 

0 9 

2 40 

1 0 

2 95 

3 2 

2 92 

1 1 

4 89 

1 4 

3 71 

1 3 

ij 23 

1 4 

5 89 

4 2 

2 86 

1 4 

4 99 

2 0 

3 62 

1 8 

3 99 

2 1 

2 76 

5 6 

2 85 

2 2 

4 94 

2 5 

3 39 

2 7 

3 62 

2 7 

2 S3 

6 8 

2 59 

4 0 

4 93 

3 2 

3 42 

3 3 

3 69 

3 5 

2 40 

7 4 

2 46 

4 9 

4 97 

3 9 

3 12 

4 0 

\i Si 

4 3 

2 03 

8 7 

2 19 

6 0 

4 92 

4 4 

3 07 

4 7 

3 37 

5 0 

2 16 

9 6 

3 99 

6 9 

4 94 

5 1 

3 OS 

5 2 

^ Si 

6 5 

8 74 

11 0 

3 78 

8 4 

4 94 

S 7 

3 02 

6 0 

3 22 

7 8 

5 47 

12 9 

3 49 

9 6 

4 94 

6 5 

3 00 

6 7 

3 12 

8 5 

3 42 

15 6 

3 34 

10 3 

4 92 

a 0 

4 97 

7 3 

Z 02 

9 5 

3 24 

17 3 

3 24 



9 3 

3 00 

8 3 

3 07 

10 4 

3 14 

20 5 

3 19 



10 4 

4 96 

8 9 

3 00 

11 6 

3 07 

24 0 

3 12 



12 6 

? 87 

10 1 

3 00 

12 3 

3 06 

29 0 

3 02 



14 3 

4 96 

10 5 

4 92 

13 8 

4 97 

34 2 

4 97 



19 7 

4 92 

11 8 

4 90 

14 9 

i 95 

35 7 

3 00 



20 9 

4 87 

12 8 

4 85 

17 0 

4 97 





27 6 

4 95 

15 3 

4 92 

19 1 

4 96 





30 2 

4 96 

19 5 

4 92 

27 1 

4 92 





32 2 

4 92 

20 1 

4 67 

27 S 

4 90 





32 5 

4 67 

22 7 

4 92 

33 I 

4 95 





40 6 

4 90 

27 3 

4 96 

35 7 

4 90 







28 6 

4 97 

36 3 

4 92 







31 1 

4 86 

36 7 

4 92 







31 5 

4 87 









37 0 

4 85 






forms vitaimn A in addition to rhodopsin, ever> dark adaptation as it 
progresses depends increasingly, and finally entirely upon the slow 
synthesis of rhodopsin from vitamin A 
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This IS also the explanation of the fact that at the highest intensi- 
ties investigated the dark adaptation curves following short exposures 
do enter a limiting condition, indistinguishable from that reached at 
high intensities with long exposures In the uppermost curve of 
Fig 2, approximately the first 6 minutes of rod dark adaptation are 
concealed behind the cone function By the time the rod segment has 
emerged apparently all but a negligible portion of retmene has already 
been removed The entire measurable portion of rod adaptation 
therefore possesses the simple character of the slow process alone 



o to 10 JO 40 


Winutcs in ddirk. 

Fig 2 Dark adaptation following short exposures to various intensities The 
initial portions of rod dark adaptation increase in velocity as the hght adapting 
intensity falls 

Various Durations of Light Adaptation, Constant Intensity — Both 
eyes were exposed to 333 ml , the right eye repeatedly for 5 minutes to 
serve as control, the left eye for various durations from 10 seconds to 
20 minutes The data for the left eye are presented m Table III and 
Fig 3 

Increase in the period of hght adaptation results m two changes 

1 The initial dark adaptation thresholds rise This effect, the 
classic index of light adaptation, is complete within 10 minutes’ 
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irradiation Doubling this interval produces no further change 
beyond the normal scatter of the function 
2 The veloaty of rod dark adaptation decreases In the present 
measurements this change appears complete after 2 minutes of light 
adaptation Be>ond this interval, however, the initial segments of 
rod dark adaptation are hidden behind the cone function, and prob 
ably continue to change in form as light adaptation progresses 

TABLE III 

Dark adaptation following exposure to 333 miUJamberts for vanous penods 
Subject ABC Left eye Time m minutes, tliresholds m milldamberts 


Exposure periods 


10 MC. 

1 DUD 

3 mtn 

5 min. 

10 min 

30 mb. 

Tune 
In djuk 

Lok 

iKfeik 

old 

Time 
la dxrk 

Los 

threih 

old 

Tune 
la cUrk 

Los 

tkresb 

old 

Time 
la dork 

Los 

tbreu 

old 

Tiine 
In dark 



Los 

thresh 

old 

0 4 

i 

m 


2 77 

0 3 

i 77 

m 

2 75 

IBIB 

2 92 

n 

i 05 

3 

3 

87 

1 1 

2 26 

1 1 

2 46 

1 3 

2 65 

1 0 

2 88 

HI 

2 97 

2 5 

3 

44 

2 0 

3 91 

2 1 

2 21 

2 4 

2 57 

2 0 

2 86 

I 3 

2 97 

3 S 

3 

14 

2 5 

3 86 

3 1 

2 06 

3 4 

2 46 

2 9 

2 80 

2 2 


4 8 

3 

14 

3 4 

3 72 

4 3 

3 87 

4 5 

2 38 

4 2 

2 72 

2 8 

2 86 


3 

10 

4 5 


54 

3 76 

5 7 

2 19 

5 6 

5 49 

3 7 

2 83 

7 6 

3 

10 

S 7 

3 47 

7 0 

3 52 

6 8 

3 97 

7 8 

3 99 

5 0 

2 62 

9 2 

3 

07 

Ml 

3 17 

9 6 

3 32 

8 6 

3 66 

9 4 

3 69 

5 8 

2 41 

10 1 

3 

05 

12 6 

3 OS 

11 3 

3 12 

11 9 

3 34 

11 8 

3 54 

7 1 

2 14 

13 0 

3 

00 

14 3 

3 05 

13 5 

3 12 

16 6 

3 22 

13 4 

3 42 

8 7 

3 91 

15 7 

3 

02 

20 1 

3 07 

17 7 

3 05 

19 5 

3 19 

15 2 

3 32 

11 6 

3 57 

18 3 

3 

00 

28 2 

03 


3 07 

23 4 

3 14 

IP 6 

3 22 

ISII 

3 37 

23 9 

3 

00 

■ciig-M 

mISi 

24 6 

3 12 

29 2 

3 14 

26 2 

3 10 

18 2 

3 22 

38 1 

3 

00 

33 5 

3 02 

29 2 

KMiIil 

30 5 

3 07 

31 4 

3 10 

22 9 

3 15 




37 0 

3 05 

32 8 

3 02 

34 5 

3 07 

37 0 

3 10 

30 2 

3 10 






35 2 




40 1 

3 05 

35 2 

3 07 






37 2 









The relation between dark adaptation and exposure to a constant intensity has 
been measured previously by Lohmann (1907) Rabinowitsch (1908), and MtUler 
(1931) 

Lehmann’s measurements nere inaccurate His dark adaptation curves 
show some evidence of slowing as light adaptation proceeds and appear to 
become constant followmg 6 to 10 minutes of irradiation 
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Rabmowitsch measured roughly no more than the first 15 minutes of dark 
adaptation following } minute to 2 hour exposures to a constant adapting light 
She concluded that the velocity of dark adaptation decreases markedly as hght 
adaptation progresses 

Muller has recently measured accurately the first 27 minutes of dark adaptation 
following 1 to 40 minute exposures to 3000 lux (about 300 milhlamberts) Despite 
important differences in technique, his conclusions are almost identical with those 
stated here The rod portion of dark adaptation was found to become practically 
constant m position following exposures longer than 10 mmutes Following 1, 2, 
and 5 minute exposures, the speed of rod adaptation decreases progressively 



Minutes jn dank 

Fig 3 Dark adaptation following vanous lengths of exposure to 333 nulli- 
lamberts As hght adaptation proceeds the visual threshold nses and inde- 
pendently the speed of rod dark adaptation decreases Intercepts with these 
curves of the ordmate drawn at 6 minutes furnish most of the points in Fig 4 

Beyond 5 minutes exposure changes m velocity can no longer be detected, as in 
the present experiments this situation is assoaated with the concealment of the 
first few mmutes of rod adaptation by the cone function 

Ltght Adaptation — ^LigM adaptation is commonly defined as the 
nse in visual threshold which accompanies irradiation of the eye 
Ideally this process should be measured by determining thresholds 
during instantaneous interruptions of the adapting hght Such an 
expenment has not yet been successfully performed Lohmann (1907) 
substituted for this procedure the measurement of thresholds after 
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in irbitrarj interval in darkness, interpolated from a senes of dark 
adaptation curves such as Fig 3 Lohmann chose for this purpose a 
10 second intenal It is dear from Fig 3 that thresholds after 10 
seconds in darkness are due in the carlv stages of light adaptation to 
rods, in later stages to cones, and therefore 3acld no clear information 
concerning either type of receptor 



Fic 4 Light adaptation Thresholds at 6 minutes m darkness foUowmg van 
ous lengths of exposure to 333 milhlambcrts 


An ordinate drawn at 6 minutes through the curves of Fig 3 inter- 
cepts only rod functions The senes of mterpolated thresholds so 
obtamed partly expresses the light adaptation of the observer’s rods 
to 333 milhlamberts These thresholds, with a number of others 
similarly obtamed from data not shown in Fig 3, are plotted agamst 
the penod of light adaptation m Fig 4 The precise shape of the 
curve IS of no importance, smee it vanes with the position of the tune 
intercept m Fig 3, here quite arbitrarily chosen The curve merely 
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expresses conveniently the fact, apparent m Fig 3, that on exposure 
to 333 milhlamberts the rod tlireshold rises, at first rapidly, then more 
slowly, finally becoming constant in about 10 minutes 

In addition to, and independently of, this change, the speed of rod 
dark adaptation falls as the exposure to light lengthens This pre- 
sents an added and hitherto neglected aspect of light adaptation We 
may assume wnth Hecht that the rise in visual threshold which clas- 
sically defines light adaptation corresponds with a fall in rhodopsm 
concentration in the rods Then, folloiving our chemical formulation, 
the decrease in speed of dark adaptation is due to increase in the propor- 
tion of vitamin A to retinene during light adaptation The complete 
process of light adaptation includes both types of vanation, and is 
expressed adequately only with a family of dark adaptation curves as 
in Fig 3 The steady state in which light adaptation ends is charac- 
terized by constancy both of form and position of the dark adaptation 
function 

It is commonly stated that light adaptation is very much more 
rapid than dark adaptation This is only qualifiedly true We have 
found light adaptation to 333 nuUilamberts to occupy about 10 min- 
utes Dark adaptation requires no longer, following 5 seconds ex- 
posure to light as intense as 750 millilamberts 

SUMMARY 

1 The reality of a chermcal cycle proposed to describe the rhodop- 
sin system is tested with dark adaptation measurements 

2 The first few minutes of rod dark adaptation are rapid following 
short, slower following long irradiation As dark adaptation pro- 
ceeds, the slow process grows more pronunent, and occupies com- 
pletely the final stages of adaptation 

3 Light adaptation displays sirmlar duality As the exposure to 
light of constant intensity lengthens, the visual threshold nses, and 
independently the speed of dark adaptation decreases 

4 These results conform with predictions from the chermcal equa- 
tions 
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The present report furnishes eitperunental confirmation of the first 
paper of this senes (1), which gave a theory for the lomc distnbution 
m the steady state of a system of a type that may well occur m biology 
(cf Fig 1) 


Review of the Theory 

The s>stem considered and the theoretical results are recapitulated 
as follows 

Across a permeable boundarj m there was supposed to be present a constant 
difference m concentration of cither the cation D* or the anion A ~ The mamte 
nance of this condition accomplished, for example by a continuous addition of the 
substance DA to the rather small volume (i), causes DA to act as a 'diffusion 
agent” which steadily diffuses across m into the part (o) In (o) a fixed, constant 
composition was maintained by keeping the volume large 

It was predicted that the continuous steady diffusion of DA was bound to infiu 
cnce the distnbution of other electroI> tes present denoted by M*B M^B" etc , 
which were not partiapatmg m any active diffusion as was DA These ions were 
called ' passive ions ' If, for example, the initial composition was the one graphi 
cally shown m Fig 2 o the ultimate effect of the steady diffusion of DA would 
consist in an accumulation of if'*" ions and an impovcnshment of B~ ions on the 
inside, as pictured in Fig 2 h It was supposed that the D* ions had a higher 
mobility than the ,i4“ ions 

* The experiments were earned out when the author held a Rockefeller Founda 
tion Fellowship 
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Continuous supply 
of diffusing Agent 
DA 



Fig I Scheme of the system considered The upper part shows the principle 
of the expenmental arrangement The lower part demonstrates schematically a 
biological analogy to this system 
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The theor> leads to the following alternative expressions for the distribution 
of tlic passive ions 

(a) In terms of the final electneal (diCTuston) potential r for univalent ions, 


^ ir,+ ^ Br 


jL 

' RT ‘ 


( 1 ) 


where and denote concentration inside and outside respectively, 

F is the Faraday, R is the gas constant and T the absolute temperature When 
r IS expressed in millivolts, F/RT is equal to 1/58 (at I8®C ) 



InLtxeil state 



Fig 2 The effect of a steady diffusion of DA upon the ionic distribution when 
uo > Vji da is by some means (by addition or production) steadil> supplied 
inside (0 The concentrations of the electrolytes outside (o) are kept constant 
An electneal potential arises across the boundary (membrane) This causes an 
inward migration of if'*' and an outward migration of B~ Finally the oincen 
tration gradients have become sufSaently large to balance the electneal gradient 
and the system approaches a steady state Thus the M ions became accumu 
lated and the B ions diminished m amount inside 

The scale used m this figure corresponds very closely with the conditions of 
Expenment 1 (see Table I) 


(6) In terms of known concentrations the distnbution can be eiphatly calcu 
lated from the following transcendental equation 


logf 


1 




Up -VA fl + + Xlt,+ 
Up VA ^ i? 4 - Sif 


( 2 ) 
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Here «x> and VJ^ denote the mobility of the D'^ and j4" ions in the diffusion lajer 
It should be noticed that (D"*" + +) is equal to the total concentration of the 

electrolytes 

Furthermore, the fact was brought forward, as is evident from Equations 1 and 
2 here, that the relationship 

M,'+ ^ __ ^ ^ 

“ Mo"-^ ~ ~ B,' 

must be vahd Equation 3 is immediately recognized as being characteristic also 
for the Gibbs-Donnan equilibnum, which obviously constitutes a speaal case of 
the more general system descnbed by Equation 2, obtained when ui, or VJ^ ap- 
proaches zero 

It should be emphasized that neither Equation 1 nor Equation 3 alone permits 
any exphat calculation of the ionic distribution The factors which determine 
the distnbution picture are (a) The mobihty relation (b) the concentra- 

tion ratio Df , and, (c) the concentration ratio Df /Df 

The further from unity « is and the higher Dt or is, the higher 

accumulation (or impovenshment) wiU be attained by the passive ions This 
statement follows from Equation 2 In a less abstract wa> , it can abo be ex- 
pressed with the aid of Equation 1 by saymg that the greater diffusion poten- 
tial present aaoss the boundary, the more marked accumulation effects (or 
the reverse) are obtained 

Finally it should be emphasized that this diffusion effect upon ionic distnbu- 
tion is not any kind of cataphoresis effect, because no current is flowing Although 
interpretations in terms of a (diffusion) potential are rather convenient, it might 
be more correct to employ a concept of ionic exchange 

Earlier Experiments 

The phenomenon of accumulation and impovenshment of certain 
ions in a system where a steady diffusion takes place is related to a 

great many expenmental observations 

• 

These are descnbed in the hterature as "Diffusion gegcn das Konzentration- 
gcfallc” by Behn (2) in 1897, “DiJusjon retrograde" by Thovert (3) m 1902, 
“Counterdiffusion” by Osborne and Jackson (4) m 1914, and Walpole (5) m 1915, 
etc These w'orkers sunply placed two solutions on top of one another, one con- 
tainmg the diffusion agent, both havmg another electrolyte m common After 
an arbitrary time two or more parts of the diffusion column were analyzed In 
general a redistnbution of all ions could be observed Apparently there was no 
possibihty of obtammg any steady state with these conditions The effects shown 
ought correctly to be classified as “temporary diffusion effects” (see (1) p 155) and 
were m most cases rather small In the best cases the differences of passive ion 
concentration amounted to from 15 to 20 per cent Some experiments with condi- 


Bo 


B"- 


(3) 
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tions corresponding to the theory outbncd above and of the same type as will be 
reported here, were earned out some years ago by Straub (6) He observed 
an accumulation of cations and a simultaneous impoverishment of onions m a 
clay cylinder inside of which aad was supphed Straub faded howev er, to offer 
any satisfactory discussion of what he called the *IIarmome Etnslellung* of the 
ions, nor did his data seem to be suitable for an> treatment m regard to the theory 
nov. accessible 

This subject is ako related to the numerous cases of ‘ accelerated or retarded 
diffusion’ of electrolytes reported, for instance by McBain and Dawson (7) (cf 
also reference (8)) This is quite natural, because the theoretical considerations 
here advanced are founded on the basis of Nemst’s (9) classical kinetical theory for 
elcctrolj te diffusion 

Summarizing the previousl> published works, it may be said, that there were 
no etpenraents available for use as a test for the theory proposed for a steady state 

EXPERIMENTAL PROCEDURE 

In pnnaple the set up was that sketched in Fig 1 a small ‘ mside volume ’ 
10-30 cc , was separated from a large * outside ' volume (0 5-1 5 liters) by a porous 
convection proof membrane, m Both solutions were kept homogeneous up to the 
membrane by stirnng In (0 the diffusing agent was continuously supphed either 
m the form of a slow stream of a concentrated solution (HClOi), or by addition of 
the agent m a solid form so as to maintain a saturated solution (KIO3) 

Apparatus apparatus used has been described in another paper (10) 

The supply of the concentrated diffusing agent m Expenment I, HCf04, was 
regulated b> varying the lev el of a Manotte s vessel, which through a flexible tube 
ending in a long capillary jet, was m communication with the inside solution 
Only one membrane was employed, consisting of four superimposed layers of 
cellophane 600 (Du Pont Company), m wet condition of a total thickness of 0^8 
mm With one or two la>crs the results showed great divergences from the 
theoretically expected This arcumstance is to be asenbed to the influence of 
“unstirred layers adhenng to the membrane surfaces These extra diffusion 
layers are not convection proof By means of a speaal method their thickness is 
estimated to be approximately 0 03 mm The cellophane may have a slight 
influence upon the mobihties of the ions here investigated which, however, will 
be accounted for when companng the results with the theory 

Choice of Electrolytes — This was dictated partly by a desire to produce pro- 
nounced distribution differences, partly by attention to available analytical 
methods Therefore, the first experiment to be reported was earned out with an 
aad as a diffusing agent and with NH4CI as source of the passive ions (us/vcio 
being large (cf p 110) H4N and Cl are easily determined) In the second expen 
ment a neutral salt, K lodate was used as a diffusing agent, because the lodate 
ions have a rather low mobility compared with K («e “ 65, eio = 33) H> dro- 
chlonc acid furnished the passive 10ns 
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Aimlyscs — The analyses were performed with micro methods The samples 
taken had a volume ranging from 0 05 to 1 cc depending upon the circumstances 
H was determined by titration with 0 01 n NaOH using methyl red as indicator 
Cl was determined electrometrically after the acidity titration, employing 0 005 
N AgNOs and sulfuric acid NH 4 was analyzed lodometrically with 0 05 NaBrO 

TABLE I 

Devdopmcnt of Ionic Accumulation and Iinpovcnshmcnl in a System Subjected to a 

Steady Dtjffusion 

Experiment 1 

Initial state 

0 1 N HClOi 

(10 cc ) 0 1 N H 4 NCI (1500 cc ) 

0 1 N ILNCI 

Inside (t) Outside ( 0 ) 

(Membrane) 

H, maintained constant by continuous addition of 5 n HCIO 4 


Time 

Inside (0 

Outside ( 0 ) 


111^9 

H 

HiN 

Cl 

ClOi* 

H 

HiN 

Cl 

CIOi* 


h9 

hrs 

fwif // 

mu H 

mu 11 

mu /I 

mu // 

mu /I 

mu /I 

mu /I 



0 

90 9 

99 1* 

99 1 

90 9 

0 

99 9* 

99 9 

0 

1 00 

1 01 

0 5 

84 1 

111 

89 0 

106 

— 

— 

— 

— 

1 11 * 

1 12 

2 

96 5 

159 

62 1 

193 


99 9 



1 59 

1 62 

4 

99 6 

188 

51 6 

236 


99 1 


(1 6) 

1 90 

1 97 

6 

99 6 


48 6 

258 

5 85 

102 


5 9 

2 03 

2 10 

7 

96 5 

212 

48 6 

260 

— 

— 

— 


2 08* 

2 10* 

8 

111 

215 

47 9 

278 



IBB 

8 6 

2 11 

2 12 

9 

105 

214 

48 6 

271 

8 40 

1 ■■ 

ii 

7 9 

2 13 

2 09 

9'’o 

Potential (»)-(o) Calomel electrodes + 21 0 mv , Ag/AgCl — 0 8 

mv t 

20 

121 

214 





100 

18 7 

2 13 

2 04 

2030 

Potential (i)-(o) Calomel electrodes + 20 2 mv 

, Ag/AgCl - 1 2 

mv t 


* Calculated figures 
t Sign outside 


and 0 01 N NasSjOs according to (13) IO 3 was titrated as I 2 with thiosulfate after 
addition of KI and aad Other concentrations were calculated by difference 
All pipettes, burettes, and solutions were cahbrated against standard solutions 
No analj tical error is likely to exceed ± 2 per cent 

Potential Measurements — The potential measurements were performed by 
means of calomel electrodes, as described elsewhere (11) Supplementary meas- 
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urcnicnts Tvere made with Ag/AgCI electrodes prepared according to Brown (14) 
The electrodes were connected either to a push pull vacuum tube voltmeter, or to a 
Leeds Northrup Tj’pe k potenbometer The potential figures are regarded os 
accurate to ± 0 5 mv 


TABLE n 

Dcvelcpment of Ionic Accumulation and Impoverishment tn a System Subjected to a 
Steady Diffusion 


Experiment Z 


Initial state 

(lOcc) ca 04NiaOi j OOInHCI (SOOcc) 

saturated plus | 

cr>'stals I 

Inside (i) I Outside (o) 

(Afembrane) 


Time 


losMe (0 



Outitde (d) 



(Q) 


Kt 

a 

lOi 

H 

Kt 

a 

lOi 

(U> 

lCl)i 

irs 

0 

il 

nu // 

mv /t 

mu /I 

mull 

10 0 

mu It 

mu /I 

mu /I 


■[ 


1 7 

371 

0 9 

372 

10 0 

0 4 

10 0 

0 4 

0 17 



10 3 


— 

33S 

10 0 

1 6 

10 5 

1 1 

1 03 


1 

WlMiM 

327 

29 

345 

9 8 

j ? 

P 7 

J 8 

2 14 


2 

37 4 

333 


366 

— 



2 7 

(3 82) 


3 

47 5 

328 

4 6 

376 

9 2 

4 5 

9 9 

3 8 

5 16 

2 15 

4 

Kilil 

311 

5 0 

362 

10 2 

1 2 

9 8 

1 6 


1 60 

5 

62 1 

318 

5 I 

375 

10 1 

2 5 

9 5 

2 5 

6 16 

1 86 

6 


315 

5 3 

383 

9 8 

4 0 

10 1 

3 8 

6 44 


7 

BQ 


5 2 

366 

10 9 

1 9 

10 2 

2 6 

5 78 

1 96 

9 

61 0 

271 

5 6 

326 

10 2 

3 3 

10 3 

3 3 

5 98 

1 84 

10 

S7 1 

248 

5 6 


— 

— 

— 

— 


— 


91a 


Potentbl (*)-(o) Caloroel electrodes + 25 5 mv § 


* The solution was renewed after 3 and 6 hrs , thereby restoring the initial 


composition 

t Calculated values 

t The decrease in KIO3 concentration after 6 hrs was probably due to a 
fall of the room temperature, hence decrease of solubihty 
§ Sign outside 


The pH and G activity measurements were made by means of a glass electrode 
(typeMacInnes and Dole) (18), and a Ag/AgCl electrode (Brown (14)) respectively 
using a saturated calomel electrode as reference A Compton electrometer served 
as zero instrument 












114 


DIFFUSION EFFECT UPON IONIC DISTRIBUTION II 


RESULTS AND DISCUSSION 

In Tables I and II two typical expenments are recorded (Expen- 
ments 1 and 2) 

Experinienl 1 — This was designed to fulfill, as completely as pos- 
sible, the mam assumptions on which the theory was based (c) 
Um-umvalent electrolytes being present only, all known as strong and 
free from complicating phenomena, {b) no migration of water across 
the convection-proof boundary Perchlonc aad served as diffusing 
agent and the passive ions were H^N and Cl The HC10< concentra- 
tion in the small inside chamber was maintained at about 1/10 molar- 
ity by means of an external supply The expenment was started 
with equal concentration of lEN and Cl ions inside and outside 
During the following time, however, one could observe that the EbN 
ions moved inwards and, simultaneously. Cl ions moved outwards 
Finally a steady state was approached inside, resulting in a 2 13 fold 
accumulation of H4N and a Cl impovenshment of almost the same 
magmtude Fig 2 corresponds very closely with the conditions of 
this experiment No appreciable water migration could be detected 
The expenmental results will now be compared with a theorj’' 
The theoretical distnbution ratio 

(Passive cation concentration), (passive anion concentrat]on)o 
(Passive cation concentration)o (passive amon concentration), 


can be calculated from either of Equations 1 or 2 
According to Equation 1, at 20°C and with the diffusion potential 
expressed in millivolts, 

^ = 58 1 log ^ (3) 

In the experiment the membrane potential tt, was -f- 20 2 mv , 
hence, the distnbution ratio is 

^ = 2 23, calculated from observed tt 
(Observed value for H<N is 2 13, for Cl is 2 04 after 20 hours ) 


According to Equation 2 combined with the relation ^ = 


(H4N). 

(H4N)„ 


«H — tcio, . (H), -h { (H 4 N)o 

«H + PCIO 4 (H)o -1- (ILNlo 


(4) 
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or n7‘+'ibr 

where g stands for (« — v)/(u + v) There are two possibihties of 
choosing g, either to use g as valid for “free” water, or, to use g as 

determined for cellophane Employing the mobilities Kh = 31S and 
‘CIO. = 64 os given for free water in the Landolt Bbmstein Tables 
(IS), g becomes 0 66 The relative mobihty in cellophane was deter 
imned from measurements of the diffusion potentials between 0 1 N 
and 0 01 N HClOi by means of a procedure desenbed elsewhere (11) 
The mobihty ratio, u/v, thus obtained was 7 SS‘ and g for cellophane 
was calculated to 0 767 Alternately inserting these g values in the 
Equation 4 a, the following values of f are obtained 

{ 1 89 calculated from Equatioo 4 when y ■» 0 66 (HjO) 

{ " 240 " * ‘ *' j *» 0 767 (ceUophace) 

Corrections for Aclnity Changes — ^All discussions so far have been 
earned out on the supposition that the activity coeffiaents, y, were all 
1 00 Of course, thisisnottruc whcndealmgwithratherconcentrated 
solutions as is the case in these experiments Perhaps it may be 
somewhat meamngless to attempt any adjustments of the expen 
mental results with regard to the activities, because the activity 
concept was not employed in the theory to be tested Nevertheless, 
It may be interesting to introduce some activity corrections Although, 
the procedure to be used is only approximate, one should get an idea 
as to the direction in which the results are influenced by the intenomc 
forces 

The observed distnbution ratios obtained from concentration figures 
may be transformed into ratios between activities by multiplymg 
through with appropnate ooefiiaents Attention will be paid only 
to the lEN distnbution The H4N ions were paired on both sides 
of the membrane with chlonde or perchlorate It seems justifiable to 
assume that the mean activity coeffiaents of the two salts are rather 
sirmlar to those of KCl Secondly, the usual supposition is made, 

* u/v tor free water ig 315/64 — 4 94, hence the relative cation mobihty is about 
50 per cent higher in cellophane For several cblondes the corresponding increase 
was determined as about 40 per cent (Teorell (11)) A similar relation was ob 
served also for KIO 3 (see footnote 4) 
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that 7 for an electrolyte component in a mixture is the same as in a 
solution contaimng only this electrolyte at an ionic strength corre- 
sponding to that of the mixture (the rule of Lewis and Randall, cf for 
instance Falkenhagen (16), p 71) Thus 7 for the approximate 0 3 
N inside solution was taken as 0 67, and for the approximate 0 1 n 
outside as 0 75 (according to figures for KCl given by Macinnes and 
Noyes (17)) Introducing these values, we obtain 


Observed { corrected for activity 



= 191 


Corresponding activity corrections may also be applied to Equation 
4 a, (7 for HCIO 4 was taken as 0 78 and 0 82 inside and outside respec- 
tively) The results are 

$ = 1 54, calculated from Equation 4 and corrected for acbvity when g = 0 66 (HjO) 
$ = 1 70, “ “ “ “ “ “ “ “ “ 5 = 0 767 (cel- 

lophane) 

Expenment 2 — The expenmental conditions were not qmte ideal, 
because certain lomc interactions took place, and water migration also 
occurred These factors were not considered m the theory There- 
fore, this expenment is an interesting one, giving some information as 
to the sensitiveness of the proposed theory towards new factors The 
diffusing agent was potassium lodate, being in a saturated solution 
inside and kept in contact with an excess of KIO3 crystals The pas- 
sive 10 ns were formed from hydrochloric acid, at the beginning of the 
expenment being present on the outside only During the course of 
the expenment the lomc concentration outside remained practically 
constant because of its large volume and repeated renewals In the 
inside chamber, however, a redistnbution of the electrolytes was 
developed resulting m a steady state Here, the passive cations, in 
tins case the H 10 ns, were accumulated ^ The passive amons, the Cl 
anions, m the final steady state attained a considerably lower concen- 
tration inside than outside (Table II) 

Quahtatively the observed diffusion effect upon the ionic distribu- 
tion IS m agreement with the theory With the direction the diffusion 


- The increase of Ce inside could be nicely demonstrated, if more dilute HCl was 
used, b} the color changes of an added indicator such as brom phenol blue 
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potential has, the negative sign being inside, an accumulation of pas 
sivc cations and impovenshment of anions is to be expected, and was 
also found As to the quantitative relations this expenment, at first, 
seems to show some discrepanacs between theory and observations 

TABLE ni 

Hydrogen Ion Activity Measurements of Inside and Outside Solutions after 9 Hours 
Experiment 2 

(pj) measured with glass clcctrodc/calomel electrode, slope'^ 57 5 mv ) 


SoIatioQ 

i ToUlH 
' MDcentra 
tlOQ 


pH 

1 


mU/t 


1 

mn /I 

Insde 

61 0 

-18 6 

1 61 

38 9 

Outside 

10 2 

+5 1 

2 02 

9 55 

0 01 ^ HCl (control) i 

10 0 1 

+5 6 

2 03 

9 34 

(•)-{») 

50 8 

-23 7 i 

-0 41 1 

^-257 

(oh) 


TABLE TV 

Chloride Ion Acitvily Measurements of Inside and Outside Solutions after 9 Hours 


Experiment Z 

(pj3 measured with Ag/AgCl electrodc/calomel electrode, “slope” 57 7 mv ) 


SoluUOD 

Touia 

cooceoln 

tioa 

Millivolts 

pCl 

«Cl 


nu 11 



mu It 

Inside 

5 6 

-118 8 1 

2 37 

4 20 

Outside 

10 3 

-96 S 1 

1 98 

10 2 

0 01 N HCl (control) 1 

10 0 

-98 9 

2 03 

9 34 

(0-(o) 

-4 7 

1 

-22 3 

0 39 1 

^ =243 
(<»c0< 


However, when due attention is paid to certain interfenng arcum 
stances, the results also appear to agree quantitatively in a satisfac 
tory manner with the theory For this purpose the following dis 
cussion IS given 

First, in Table II it will be noticed that the final distnbution ratio 
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H»/Ho IS as high as 5 98, the ratio C1<,/C1., however, is much lower, 
1 84 The H figures were determined by titration, accordingly all 
hydrogen ions, both free and bound, were included It is well known 
that IO 3 10 ns can form H ( 103 ) 2 , bi-iodate, m acid solution, thus bmdmg 
hydrogen 10 ns Unfortunately, pH measurements were not performed 
during the actual run, but afterwards "artificial” inside and outside 
solutions were made up to correspond with the analytical figures 
recorded in Table II at 9 hours ® In these solutions pH and aci were 
determined by means of the glass electrode and AgCl electrode re- 
spectively The results are summarized m Tables III and IV It 
can be seen that the H ion activity inside is considerably lower than 
the total H concentration, as pointed out, probably due to formation 
of bi-iodate ions From these measurements the ionic distribution 
ratios, expressed in activity figures, will be found as 

Observed ^ = 2 57 (5 98), corrected for H activity 

“ ? = 2 43 (1 84), “ “ Cl “ 

The values within brackets are the ones obtained from total concen- 
tration figures 

Hence, the relation H,/Ho = C1<,/C1, seems to be obeyed, as de- 
manded by the theory The theoretical ^ values are calculated, as 
m Experiment 1, either from the observed diffusion potential (Equa- 
tion 1), or from the transcendental formula (Equation 2) For the 
first alternative is obtained 

J = 2 75, calculated from the diffusion potential 

Calculations on the basis of Equation 2 can be performed in several 
different ways First, there are two choices of the relation u/v or of 
g, referrmg to free water or to cellophane Secondly, when dealing 
with a rather concentrated salt solution (saturated KIO3), some kind 
of correction for activity changes may be demanded Based on con- 
centration figures given for 9 hours m Table II it is found that 

® These “artifiaal” solutions were made inside, 5 6 cc 0 1 n HCI, 55 4 cc 
0 1 ^ HIO 3 , 5 79 gm KIO 3 outside, 10 2 cc 0 1 n HCI, 0 1 cc 0 1 N KCl, 
3 2 cc 0 1 N KIO 3 , m all cases H 2 O was added to make 100 cc of solution The 
reagents were Kahlbaum brands, the solutions were freshly made and standardized 
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^ 2 86, cnloilatcd from Equation 2 when q ■■ 0^27 (HjO)* 

^ " S 14, “ “ ‘ “ when g 0 509 (cellophane) 


Corrections for Activity Changes — ^When attempting activity correc- 
tions, it as assumed that the mean activity coeffiaent, y, for the K- 
lodate inside was the same as for 0 3 n KCl being 0 67 ypci outside 
was taken as 0 93, a figure valid for 0 01 N HCl (according to Macinnes 
and Noyes) Any further corrections do not have any appreaable 
effect upon the results and must also be rather ambiguous Therefore 
they are omitted The f \ alues obtained from activity figures were 


$ — 255 calculated from Equation 2 and collected for activity when q ■» 0 327 (H,0) 
f-45!5 " “ “ “ " " “ “ when? - 0509 (ceUo 

phone) 

TABLE V 

Comparison between Observed and Theoretical Distribution Ratios ({) of Passive 
Ions in Steady State 


j _ (Passu e cation) mside ftassive anion) outside 
(Passive cation) outside fiiassive anion) inside 


Ezperimeat 

i 

Dlffujlnj 

■g«nt 

Puslve loo 

1 Ob«erved from j 

1 Ckkolated fron Equtlon 7 (4) 

Calcuiatcd 
i om 
riiffiiitnn 

potentUl 

CooCCB 1 
UtUoo 


1 Free witer 

1 CcUopIuoe 

CoDceo . 
tntloo 

AcUvuy 

Coocco 

tratioD 

Activity 



H.N 

2 13 

I 91 



1 

1 


1 

HCIO* 


1 


I 89 

I 54 


id 

2 23 



Cl 


(1 87) 







i 

H 

5 98 1 

2 57 






2 

KIO, 




2 86 

2 55 

5 14 

4 25 

2 75 



Cl 

1 84 1 

2 43 







SUMMARY or RESULTS AND CONCLUSIONS 
In Table V the experimental and theoretical results are put together 
The figures seem to justify the following conclusions 
1 The agreement between observed and calculated { values is, on 
the whole, quite satisfactory inboth the experiments, if proper attention 
IS paid to activity conditions J as calculated from the transcendental 

I Calculated value from hkMo, determined from diffusion potential across 
cellophane of 0 1 — 0 01 n KIOj according to (11) This value was found to be 
3 08 (in free water 65/33 - I 98) 
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Equations 2 or 4, using the ionic mobilities for free water, yields the 
best agreement 

2 If the mobility relations as determined for cellophane are used in 
the theoretical calculations, much higher ^ values than those actually 
observed would be expected in the KIO 3 experiment In the HCIO 4 
experiment it is hard to point out any significant difference as to the 
outcome of different choice of mobility relations Hence, it appears 
that it would be better to assume a validity of free water ionic 
mobilities, in spite of the fact that the diffusion effects occurred across 
cellophane Such a conclusion also follows from the views expressed 
by the author, that the cellophane mobility figures as determined are 
only apparent values The reason is to be sought m interference from 
the membrane itself (Teorell (12)) 

3 The theoretically expected ^ values when calculated from the 
measured diffusion potential are of the same magnitudes as the ob- 
served figures corrected for activity The latter are only 14 and 9 per 
cent lower than the former, in Experiments 1 and 2 respectively, 
these differences may very likely anse from small, unavoidable liquid 
junction potentials at the calomel electrodes This fact seems to 
offer an ample confirmation of one consequence of the theory, namely, 
that the distribution of the passive 10 ns is completely determined by 
the observed diffusion or membrane potential according to the simple 
Equation 1, or 


^ 0 1983 T (1) 

(tt = millivolts, T = absolute temperature ) 

In regard to the thermodynamical interpretation of this equation we 
may refer to the first paper in this senes (1), paragraphs IVZ> and c 
4 The agreement between expenment and theory according to Equa- 
tion 1 IS of a profound and essential sigmficance This shows that the 
water migration does not have any appreciable influence upon the 
expected ionic distnbution, although amounting to about 40 per cent 
as volume increase inside in Expenment 2 Furthermore, the high 
$ values as calculated from cellophane mobilities in Expenment 2 can 
be ruled out as being improbable, because such figures would corre- 
sp>ond to a value of the diffusion potential much higher than that 
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actually observed This point offers additional evidence lor the views 
expressed under paragraph 2 above 

S Still, there are some other points which can be advanced 
giving beautiful confirmation of the proposed theory In the theo 
rctical paper (1), in paragraph IVc it was remarked 

As the diffusion potential t is equal to the expression for the electrode poten 
tial for any passive ion a concentration chain consisting of reversible electrodes 
for such an ion speaes placed m the solutions (a) and (i) should give no 
current " 

In Experiment 1 the actual “concentration chain potential” with 
AgCI electrodes, reversible in regard to the passive chlonde ions, was 
measured from — 0 8 to — 1 2 mv The theoretical value should be 
± 0 mv , accordmgly the result is not far outside the experimental 
limit of error At the same tuner was about +21 mv (cf Table I) 

In Experiment 2 the same thing can be shown somewhat more in 
directly Hero reversible electrodes for both the passive ion speaes 
were available, the glass electrode for the H ions, and the AgCl elec- 
trode for the Cl ions The “electrode potentials” for these two ion 
speaes are simply found as differences between the potential values 
recorded in Tables III and IV, as measured against the same reference 
(calomel) electrode These values are {cf also the tables). 

Electrode / Kn" h - (mv )JjUjj/Ile Cl, -23 7 mv 

potenUals ( ((n,v )( - (mv ) lAgCI/HeiCI, -22 J mv 

Diffusion potential observed r +25.5 mv 

It IS noticed that the figure for the diffusion potential is almost 
equal to the figures for the practically identical electrode potentials 
As It carries opposite sign, the resultmg concentration chain poten 
tials, being the sum of both (diffusion potential + electrode potential), 
also in this case, will not be far from zero 

SUMMARY 

The aim of this paper is to present confirmation of the theory of the 
diffusion effect By diffusion effect is understood a redistnbution of 
the ions in a system where a continuous diffusion of one electrolyte is 
going on, which results in a steady state showing accumulation and 
impoverishment of certain ions 




122 


DITTUSION EFFECT UPON IONIC DISTRIBUTION II 


Some typical experiments are recorded and discussed The results 
are found in satisfactory agreement with the theory this can be 
demonstrated in several ways 

The importance of considering activity changes is pointed out 
Water migration and the diffusion membrane probably have no 
appreciable influence upon the diffusion effect under the conditions 
of these experiments 

The diffusion effect may have biological analogies 
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INTRODUCTION 

Although the c'tistence of growth substances, or auxins, which 
produce cell enlargement in plants has been known for some time, the 
mechamsm by which they exert their effect is still little understood 
A full account of this field is given in Went and Thimann {1931) 
Briefly, it has been shown within the last 4 years that auxms cause 
not only cell enlargement but also bnng about root formation, inhibi 
tion of bud development, inhibition of root elongation, and other 
effects, this multipliatj of activities indicates that the auxins must 
exert some fundamental action upon the plant cell Even in cell 
enlargement the action must be of a very deep seated nature, for while 
Heyn and Soding have shown that the action of auxin results m an 
increase of cell wall plasticity, this does not appear to result from a 
direct reaction between auxm and cell wall material Thus the results 
of Thimann and Bonner (1933) show that there is no stoichioraetrical 
relation between the amount of auxin entering and the amount of 
cellulose or of total new wall material deposited as a result, nor is it 
possible for the auxm to produce a monomolecular layer upon the new 
cell wall The action on the cell ivall must therefore be realized in 
some indirect way, and is probably the result of a chain of reactions 
onginating inside the cell 

Changes in growth rate are not in general measurable until some 
considerable time after the application of the auxm Thus, in 
measurements of straight growth or of curvature of the Avena coleop- 
tile, a period of IS to 30 minutes usually elapses before the increased 
growth rate, or the curvature, becomes detectable The first of the 
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AUXINS AND PROTOPLASMIC STREAMING 


senes of reactions ultimately leading to increased wall plasticity and 
elongation, or to the other effects mentioned above, presumably 
begins very much earlier than this, most likely immediately the growth 
substance has penetrated into the cell It is therefore desirable to find 
a method by which quantitative measurement of the iminedtate effect 
of auxin might be made, in view of the above considerations, such 
effect must be looked for not in the wall but in the contents of the 
cell, that IS, in the protoplasm 

One of the most obvious properties of the protoplasm is its stream- 
ing, which in the Avena coleoptile, especially in the epidermal cells, is 
readily observed and measured Immediate changes m the streaming 
have been found by various investigators to take place as a result of 
temperature change (Ewart, 1903, Botteher, 1934), visible hght 
(Botteher, 1934), x-rays (Williams, 1923, 1925), and miscellaneous 
dissolved substances (Ewart, 1903) In an investigation with Prof 
I W Bailey of the effect of auxin on cambium cells, one of us (K V T ) 
observed that streaming was very rapid in the preparations treated 
with auxin There was also a change in the extent of the streaming, 
the moving particles being earned up to the extreme tips of the cells, 
which previously were stagnant It was therefore decided to make a 
study of the protoplasmic streaming in favorable material, m order to 
determine whether auxin exerted any effect upon it and whether the 
rate of streaming could be used as a measure of the immediate physio- 
logical changes brought about by auxin within the cell 

Materials 

Indole-3-acetic acid, the most active auxin readily available in pure state, 
was used for the bulk of the experiments The sample used was prepared and 
punfied more than 2 years ago (Thimann and Koepfli, 1935) and its activity is 
the same as when first prepared For coumaryl-3-acetic acid the authors are 
indebted to Prof T Reichstein of Zurich, for pure allocmnamic acid to Prof A 
J Haagen-Smit These substances were used in concentrations rangmg from 
0 005 up to 10 mg per liter, which include all those causing physiological response 

The vater used for all solutions and in controls was redistilled m a pyrex still 
and stored in parafiSned glass containers 

The Cornelhan strain of oats was used, its properties, growth rate, dimensions, 
etc , are essentially the same as those of “Segerhavre” used in other expenments 
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Methods 

The seeds were husked, soaked for 2-4 hours, germinated on moist filter paper 
m a dark room with occasional red light, and planted in moist sand at 24 and 85 
per cent relative humidity The coleoptilcs were slit lengthwise, removed from 
the plant, and spread out upon a slide with the cut face down, as described by 
Botteher (1934) The slight pressure of the cover slip was sufficient to hold them 
in place The zone studied was about 1 cm below the tip In this senes of 
expenments coleoptiles 5 to 6 days old from the time of soakmg were used these 
measured 4 to 5 cm in length The effect of auxins on younger coleoptiles will 
be discussed in a later paper 



Fig 1 Rate of streaming of epidermal cells of Axeiui coleoptiles m pure 
water Curve 1, not aerated, curve 2, aerated, (mean of five expenments) 

After cutting, the coleoptiles were allowed to recover m water for 5 minutes 
Continuous readings were then taken for 5 minutes m water after which the 
water was removed from under one side of the cover slip with filter paper and the 
solution to be tested was added to the other side Further solution was added 
at frequent intervals during the experiment Continuous readings were made 
of the motion of the smallest visible particles in a single epidermal cell, usmg a 
calibrated ocular micrometer and a stop-watch The mean of about ten readings 
withm a 3 minute penod was taken to establish the streammg rate for that period 
Since BotteUer (1934) has shown that the streammg in Axena is sensitive to 
light, all readings were made in the dark room by red light, heating of the slide 
being avoided b> the interposition of a water cell about 5 cm thick. 
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Influence of Aeration 

When the coleoptiles were mounted as described, in pure water, 
the rate of streaming showed a steady decrease (Fig 1, curve 1), 
which became apparent in from 2 to 5 minutes Botteher (1935) 
noted a similar decrease, and found that it disappeared if a stream of 
fresh solution was passed under the cover slip He attributed this 
fall in the rate of streaming to the rapidly diminishing amount of 
oxygen m the solution under the cover slip, and showed that oxygen 
IS one of the principal factors controlling the streaming rate That 
the cause of the decrease m rate in our experiments is oxygen defi- 
ciency IS confirmed by the fact that no such decrease took place when 
aerated water was used (Fig 1, curve 2) Under these conditions, the 
streaming rate, as can be seen, remained constant for at least an hour 
Aeration was accomplished by bubbling air through the water for 20 
to 30 minutes immediately before using it All control experiments 
were therefore made with water thus aerated, and solutions to be tested 
were made up with the same water 

Qualitative Effect of Auxin 

Dilute solutions of indole-3-acetic acid (0 005 to 0 5 mg per liter) 
induced an increase m the rate of streaming, the extent of which was 
dependent on the concentration used The rate increased from 13 to 
about 18 /i per second when the coleoptiles were treated with a solu- 
tion containing 0 010 mg per liter, about the optimum concentration 
(Fig 2) The effect of immersing coleoptiles in the auxin solutions 
began to appear immediately, the increase m rate being observed well 
within the first 5 minutes of treatment The maximum streaming 
rate was obtained at 10 to 15 minutes’ exposure, after which the rate 
slowly fell again to reach that m water at 30 to 40 minutes from the 
time of application of the solution This time relation was observed 
in all the experiments with auxin of any kind In no case was the 
effect latent, nor was the maximum rate of streaming found earlier or 
later, and never was the effect found to last beyond 30 to 40 minutes 
Finally, the streaming always returned to exactly the same rate as 
before auxin was apphed 

^^^len relatively concentrated solutions of mdole-3-acetic acid were 
used (above 0 5 mg per liter), the effect was to decrease the rate of 




Fig 2 Typical effect of low concentrations of auxm on the rate of streaming 
Curve 1, 0 007 mg indole 3 acetic aad per liter curve 2 , pure water 



Fig 3 Typical effect of high concentrations of auxin on the rate of streaming 
Curve 1, 5 mg mdole 3 acetic aad per liter 
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streaming The curve thus obtained (Fig 3) is the reverse of that of 
Fig 2 The effect of high concentrations also takes place very rapidly, 
beginning in 2 to 5 minutes, reaching its maximum in 5 to 20 minutes, 
and returning to the rate m water at about 30 minutes 

The Quantitative Effect and Its Relation to Concentration 

In the curves of rate against time, such as those in Figs 2 and 3, a 
quantitative measure of the total effect of a given auxin concentra- 
tion IS evidently given by the area under the curve The value thus 
obtained combines the maximum speed reached and the duration of the 
effect It IS expressed in units essentially of length, since it is a 
product of a velocity by a time {LT-^ X T = L) Clearly this value 
represents the total extra distance travelled by one particle when it is 
acted upon by auxin Since the effect of auxin on growth is also 
expressed m umts of length (at least for coleoptiles), a comparison may 
justifiably be made between the two effects 

Each experiment, comprising 20 or 30 average velocities determined 
over a 40 minute period, thus gives a single value for the total effect 
of auxin at the concentration used Since the values obtained from 
different experiments at the same concentration agree fairly well, the 
mean of several such values represents an accurate measure of the 
effect It is to be noted that each final value for the effect of a given 
concentration is therefore founded on about 1000 actual velocity 
readings Expenments were made m all at thirteen different auxin 
concentrations 

The mean final values are plotted in Fig 4 against the logarithm 
of the auxin concentration It may be seen that the effect, that is, 
the mean extra distance travelled by a given particle increases linearly 
with concentration from zero at 0 0025 mg per liter to a maximum at 
0 01 mg per liter From this point, the effect decreases with further 
increase m concentration to reach zero at about 0 5 mg per liter, and 
negative values at still higher concentrations The curve thus con- 
sists essentially of two straight lines separated by an intermediate 
region around the maximum 

It IS of interest to compare the effect of auxin on streaming with its 
effect on growth Measurements of elongation of coleoptiles immersed 
m solution are obviously the most nearly comparable with the data on 
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streaming Such measurements, using short sections from coleoptiles, 
were first made by Bonner (1933) and have since been used by several 
workers Jost and Reiss (1936, 1937), using longer sections dipping in 
solution only at one end, found that the maximum growth reaction m 
24 hour tests took place at 10 mg per liter Higher concentrations 
gave less growth, though still more than controls in pure water In 
order to have comparable data we have made measurements on 3 mm 



Log of concentration in milligcaras pep IDOO liters 

Fig 4 Total effect of auxin on the rate of streaming each point denved from 
the mean of several curves of the type of Figs 2 and 3 Curve 1 indole 3 acetic 
aad curve 2, alloannamic aad curve 3, coumaryl 3 acetic aad The ordinates 
represent the effect m change of velocity over that of controls X time 

sections of 5 day old coleoptiles, immersed in shallow layers of solutions 
as described by Bonner (1933), using the zone about 1 cm below the 
tip 

Fig S summarizes the data from two such experiments, using coleop 
tiles with the primary leaf just broken through and protruding about 
S mm The type of curve obtained is clearly the same as that ob 
tamed with streaming, and it is of interest to note that very high 



130 


AUXINS AND PROTOPLASMIC STREAMING 


auxin concentrations may cause an actual shrinkage of the coleoptiles, 
although the tissue appears normal and shows no increase in width 
The peak of the growth effect is obtained at 10 mg per liter or close to 

Ter cent 



Fig 5 Effect of auxin on the elongation of sections of coleoptiles immersed in 
solution Abscissae, logarithm of the auxin concentration as in Fig 4 Ordinates, 
elongation in per cent of original length after 24 hours’ immersion The abscissa 
marked oo refers to controls in water Curves 1 and 2 represent two separate 
expenments, each point being the mean of 15-25 sections in each solution 

it, agreeing with the result of Jost and Reiss, while the maximum 
effect on streaming occurs at 0 01 mg per liter The streaming curve 
IS then displaced to the left of the growth curve by about 3 loganthmic 
units The sigmficance of this displacement is not clear 
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Specificity of the Auxin Effect 

The question now nnses whether this phenomenon of increase in 
the rate of streaming is a speafic one for growth substances In order 
to determine this, expenments of two kinds were made (a) the effects 
of other auxins on streaming were studied, using the procedure as 
above, and (fi) other substances, not grow th promoting, but pre 
viously known to affect streaming of protoplasm in various matenals, 
w ere studied for their effect under our conditions 

(o) Coumaryl-2 acetic aad and alloannamic aad were found to be 
active as growth promoting substances by Thimann (1935) and 
Haagen Smit and Went (1935) respectively Instead of the former 
we have used for these expenments coumaryl 3 acetic acid, t e the 
oxygen analog of indole 3 acetic aad, its activity is somewhat higher 
than that of the 2 substituted denvative Both coumaryl 3 acetic 
and alloannamic acids have an activity on growth of immersed coleop 
tile sections of from a tenth to one hundredth of that of indole 3 
acetic aad Study of their activity on streaming showed that they 
both accelerate the rate at low concentrations Plotting the total 
effect against concentration (Fig 4, curves 2 and 3) shows that their 
activity reaches a peak at a concentration ten times the optimum 
concentration of indole 3 acetic aad The curves for aUoannaniic 
and coumaryl 3 acetic aads fall very close to one another and are 
approximately parallel to that for indole 3 acetic aad The total 
increase in rate is, however, less than that caused by the latter When 
It IS borne in mind that both of these substances are what could be 
desenbed as auxins of only moderate activity, it will be seen that 
their effect on streaming is quahtatively and quantitatively about 
what would be expected if this effect is related to their activity as 
auxins 

iff) Ethylene chlorhydnn has no auxin activity, although it has 
the effect of breaking dormancy of certain tubers (Denny, 1926, 1934) 
The streaming of the protoplasm of Elodea and Nitclla was found by 
one of us (Marcy, 1937) to be stimulated by concentrations of 0 25 
to 0 075 gm ethylene chlorhydnn per liter, after immersion of the 
plant matenal in the solution for 24 hours In the experiments here 
desenbed, concentrations from 0 1 to 0 0001 gm per liter were tested, 
and all failed to show any effect on streaming in Ajena coleoptiles 
within the 30 to 40 rmnutes required to reach the total effect of indole 
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3-acetic acid, coumary 1-3 -acetic acid, or allocmnamic acid The 
average of the results of three experiments at 0 01 gm per liter is 
shown in Fig 6, curve 1 

The extensive expenments of Fitting (1929, 1932) showed that 
a-amino acids, among them histidine, cause the renewal of active 
streaming m leaf cells of Valhsnena, in which streaming has previously 
been stopped by placing the plants in glass-distiUed water Histidine 
was found to be active in concentrations of one part in 80 X 10' or 



Fig 6 Curve 1, the effect on the rate of streaming of ethylene chlorhydnn, 
10 mg per liter, (mean of three expenments) Curve 2, effect of histidine, 0 02 mg 
per hter 

0 0000001 M Histidine was therefore tested m our expenments at 
concentrations of 0 005, 0 01, 0 05, and 0 1 mg per hter In no experi- 
ment did it have any effect on the rate of streaming m Avena The 
results of one experiment are plotted m Fig 6, curve 2 There was 
no consistent vanation either with concentration or with time, the 
vanations observed being no greater than those m single control 
experiments m pure water 

Urea, m concentrations of 10 and 0 1 mg per liter, also was without 
effect on streammg in Avena coleoptiles 
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Since the auxins used above are all weak aads the possibility re 
mams that their effects on streaming might be due to changes in pH 
The pH of the stock solution (100 mg per hter) was found color 
imetncally to be about 6 0 Now the maximum effect of indole 3 
acetic acid was obtained in solutions containing 0 01 mg per liter, 
» e , m/ 10’ Even if the aad were as strong as hydrochloric aad, the 
pH of this solution would be, by defimtion, 7 0 However, dilute 
solutions of acetic aad were tested for the sake of completeness and 
found to have no effect on streaming either at 0 001 M or at 0 000001 M 
(Eig 7) 



DISCUSSION AND SUMMARY 

1 Evidence has accumulated that the action of auxins in promoting 
growth IS exerted not upon the cell wall but upon the cell contents, 
» e , the protoplasm Following indications previously obtained, 
therefore, the effect of auxms on the rate of protoplasm streaming in 
the Avena coleoptile was studied 

2 Indole 3 acetic aad, the most active auxin available in pure form, 
was found to increase the rate of streammg in the epidermal cells of 
the Avena coleoptile at concentrations between 0 S and 0 002 mg per 
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liter, the maximum increase being brought about at 0 01 mg per liter 
This concentration is approximately that which, applied in agar to one 
side of the decapitated coleoptile, would give a curvature of 1°, ic , 
it IS well within the range of concentrations active in growth promo- 
tion It IS, however, much less than that which produces maximum 
elongation in immersed sections of Avena coleoptiles 

3 This accelerating effect is readily determined quantitatively by 
comparison with the streaming in control coleoptiles in pure water, 
which, if thoroughly aerated, maintain a constant rate for over an 
hour The accelerating effect takes place immediately and is over 
within about 30 minutes 

4 Concentrations of indole-3-acetic acid greater than 0 5 mg per 
liter inhibit the streaming, the effect being also over in about 30 
minutes, and its extent increasing with increasing auxin concentra- 
tion This parallels the effect of high auxin concentrations in inhibit- 
ing elongation, although the inhibition of streaming is obtained at 
much lower concentrations than inhibit elongation 

5 The effects of indole-3-acetic acid on streaming are not speafic 
for that substance, but appear to be common to auxins in general 
Thus coumaryl-3-acetic acid and allocinnamic acid, both of which 
bring about cell enlargement, root formation, and bud inhibition, i e 
are typical auxins, also cause an immediate acceleration of the rate of 
streaming, and as with indole-acetic acid the effect is over in about 30 
minutes The concentrations of these two substances which produce 
the maximum effect are about ten times that of indole-acetic acid, 
which approximately corresponds with their relative auxin activities 
The curves relating concentrations of these substances to their effects 
on streaming are very similar to that for indole-acetic acid 

6 On the other hand, certain substances which are known to affect 
streaming in other materials do not produce any effect comparable 
to that of auxin Ethylene chlorhydnn, histidine, and urea in all 
concentrations were without effect on streaming in the Avena coleop- 
tile within the first 30 minutes of treatment 

7 The effects produced by the auxins were not due to pH 

8 The action on streaming here studied is evidently quite different 
from the re-startmg of streaming after its cessation, studied by Fitting 
in Valhsneria Correspondingly histidine, which in Fitting’s expen- 
ments showed activity down to 10"’ m, is inactive here 
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9 Per contra, the effect of auxin here studied is on normal streaming 
It takes place immediately and at concentrations m the same range as 
those which produce growth The curve of effect against concen 
tration parallels that for growth although the actual concentration 
\ alucs differ It is therefore reasonable to suppose that the effect of 
auxm on streaming is closely connected with one of the first stages of 
its effect on the growth process 
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Earlier work on the bactenum bacteriophage reaction (1) has 
stressed the importance of bactenal growth as a conditiomng factor 
for phage production It was found tliat the rate of phage formation 
could be expressed m terms of the rate of bactenal reproduction and 
from this smgle differential equation there were denved mtegral forms 
predicting satisfactonly the time of lysis, number of bactena present 
when lysis begms, etc In the basic equation the rate of phage pro 
duction was expressed as a power of the rate of bactenal reproduction, 
j c , in a mixture of phage and growing bactena the ratio of phage to 
bactena continually mcreases Finally, when a certam threshold 
value IS attained (100-140 activity units per bactenum) the process 
of cellular dissolution or lysis begms Other workers have smce 
reported practically identical kmetic mechanisms for other phages and 
other bactena (2-3) 

Despite the fact that the avadable experimental evidence mdicated 
bactenal growth to be the prime conditionmg factor for phage pro- 
duction there remained the possibility that under some conditions 
the two phenomena might be dissociated This possibility was 
confirmed by Senbner and Krueger (4) m an investigation of the re 
action between phage and susceptible bactena m the presence of 0 2S 
molar NaCl Under these special conditions a prolonged maximal 
stationary phase of bactenal growth occurred and dunng this time 
phage continued to be produced at the usual rate 

We have conducted further experiments deahng with the effect of 
temperature and pH on the phage bactenum reaction, and have 

* Supported by Grants m Aid from the Amencan Medical Assoaation and 
the National Research Council 
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found that bacterial growth definitely is not the essential conditioning 
factor for phage formation 

Methods 

1 The medium used throughout these experiments was beef infusion broth 
containing 1 per cent Difco peptone, 0 5 per cent NaCI and was adjusted so that 
the final pH after sterilization was 7 4 

2 The bacteriophage and bacteria were the same ones used in previous stud- 
ies ^ The phage contained 1 X 10*® activity units/ml The staphylococcal sus- 
pensions for each experiment were prepared from eighteen (18) hour cultures 
grown on nutrient agar m Roux flasks and harvested m broth 

3 The quantitative determination of bacteriophage was carried out by the 
activity method of Krueger (5) The accuracy of the method, which has been 
used in this laboratory for the past 6 years, is ± 5 per cent 

4 In studwug the effects of different temperatures on the phage-bacterium 
reaction a mixture containing 2 X 10^ bacteria/ml and 1 X 10'' phage umts/ml 
m 100 ml of broth at pH 7 4 was placed in the water bath shaker at the desired 
temperature 5 0 ml samples were withdrawn every 0 3 hour for determining 
[bacteria] by the turbidity comparison method described in an earlier paper (5) 
At intervals of 0 4 hour 0 5 ml of the mixture was pipetted into 4 5 ml of iced 
broth These 1/10 dilutions were kept in ice water until the end of the experi- 
ment and were then used for determining [phage] 

Controls consisted of phage solutions contaimng known concentrations of ac- 
tive phage which were exposed to the temperatures used for 3 hour periods 
No inactivation of phage was detected in any of the solutions 

5 To determine the effect of various H-ion concentrations on the phage-bac- 
terium reaction normal NaOH or normal HCl was added to the broth in sufficient 
quantity to produce the desired change in pH Mixtures of phage and bacteria 
in 100 ml amounts of the broth were made so that the initial bacterial concen- 
tration was 2 X 10'* cells/ml and the initial phage concentration was 1 X 10* 
activity units/ml pH was determined by the glass electrode method at the 
begirming and at the end of each experimental period It was found that the 
broth normally exerted sufficient buffer action to maintain constant pH and no 
additional buffer mixtures were used The phage-bacteria mixtures were shaken 
in the water bath at 36°C and samples were taken at intervals for determination 
of [bactena] and [phage] as descnbed under paragraph 4 above As controls, 
to determine the effect of each pH value on phage at 36°C , solutions containing 
knowm amounts of phage were adjusted to various H-ion concentrations and were 
shaken in the water bath for 3 hour penods It was found that there was no 
detectable inactivation of bactenophage under these conditions 


* Reported for the most part in the Journal of General Physiology and the 
Proceedings of the Society for Experimental Biology and Medicine from 1929 on 



Albert p kroegRe aUd Jacob eong 


139 


RESULTS 

1 The Ejfcct of Temperature on the Phage Bacterium Reaction 

Figs 1, 2, 3, and 4 show the course of bacterial growth and phage 
production at 30°C , 3S°C , 40°C , and 45°C respectively At dO^C 



Fic 1 

Figs 1-4 The effect of temperature on the phage bactenum reaction Log 
antbms of [bactena] and [phage] are plotted against time O = phage activity 
units/ml • = bactena/ml Fig 1 Temperature 30®C 

the bactenal population increases 1 S fold each hour, during the same 
mterval phage concentration increases 40 fold With a S° tempera 
ture increment the bactenal population shoiv s an mcrease of 2 S fold 
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per hour and the phage concentration a corresponding increase of 
160-fold That is, while the rate of bacterial reproduction nses 



about 1 7 times, the rate of phage production increases 4 times It is 
mteresting that a further rise in temperature to 40°C bnngs the rate 
of bactenal reproduction up to a 3 5-fold increase per hour or about 2 3 
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times the rate at 30°C whereas the rate at which phage concentration 
increases drops to a 25 fold increase per hour 



At 45°C the phase of logarithmic bactenal growth drops to a 3 fold 
increase per hour while phage concentration instead of increasing 
definitely decreases 
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Z Effect of pH on the Phage-Bactenum Reaction 

Figs 5-9 illustrate graphically the influence of H-ion concentrations 
from 6 to 8 5 on phage production and bacterial growth at 36°C It 
IS evident that with increasing concentrations of H-ions the lag phase 
of bacterial growth is prolonged, although the rate of logarithmic 



Hours 

Fig 4 Temperature 4S°C 

increase when once begun is not appreciably altered Likewise, the 
rate of phage production is not changed at lower pH’s While a 
change in pH from 7 to 6 results in increasing the lag phase of bacterial 
growth from 0 25 hour to 1 25 hours there is no corresponding increase 
in the lag phase of phage production As the H-ion concentration is 
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Hours Hours 

Tig 5 pH 6 Fig 6 pH 6 5 

Figs 5-9 Effect of pH on the phage hactenum reaction Phage production and bacterial growth at and at various pH 
ues are plotted against tune O =» phage activity umts/ml 0 » bacteria per mL 
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decreased the only noticeable change is a slight drop in the rate ol 
bactenal reproduction occurring at pH 8 5 , it is not accompanied by 
any alteration in the rate of phage production 



In the experiments performed at pH 6 and 36°C [phage] increased 
over 10 fold before there was any detectable increase in [bacteria] 
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To see if this apparent dissociation between the processes of bacterial 
reproduction and phage formation could be made more evident several 
identical experiments were carried out at pH 6 with the temperature 
adjusted to 28°C instead of 36°C In Fig 10 the general results are 



Hours 

Fig 10 Phage production m the absence of bacterial growth [Phage] shows 
a 10-foId increase per hour while the bactena show no growth at all O = 
phage activity units/ml 0 = bacteria per ml 

plotted and it is clear that under these conditions no observable 
increase m [bacteria] occurs while [phage] rises over 100-fold 

DISCUSSION 

From the data of the experiments performed at different tempera- 
tures, it follows that the processes of bacterial reproduction and phage 
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formation are not related m the simple way previously reported The 
equation used by Krueger and Northrop (1) to express phage produc 
tion in terms of bacterial growth stated that 
P/P - (B/B ) 

Where B = bacterial concentration at any time, = initial bactenal 
concentration, P = phage concentration at any time, and P„ = initial 
phage concentration This equation fits the data for nhich it was 
derived quite satisfactorily but m the experiments here reported it 
docs not apply That is, while the rate of bactenal growth shows a 
regular increment with increasing temperature up to 40°C , phage 
production exhibits a marked nse m rate as the temperature is raised 
from 30°C to 35°C but at 40“C the rate of phage formation drops 
markedly At this last temperature the time of lysis is delayed 
With a further nse in temperature to 4S°C the loganthmic phase of 
bactenal growth shows a 3 fold increase in population per hour, a 
somewhat Ion er rate than that observed at 40°C The concentration 
of phage m the mixture instead of increasing definitely diminishes 
This may be asenbed to one of two mechanisms First it is evident 
that 45°C IS beyond the optimum temperature for growth of this 
particular staphylococcus and it is likely that a good many dead cells 
arc accumulating in the suspension Dead bactena adsorb phage 
irreversibly in quite large amounts (6) and the drop in phage may well 
be due to such adsorption Second the loss of phage may be 
attnbuted to direct heat inactivation From the previously reported 
data of Krueger (7) it is known that this phage does not become in 
activated at any such rate until higher temperatures are employed 
The first mechanism, namely, removal of phage by adsorption to dead 
cells seems the most probable one, for after a pronounced drop in 
[phage] there follows a phase of slow increase in [phage] as might be 
expected after the available dead cell surfaces had become saturated 

The mam feature of the temperature expenments is the fact that 
the rate of phage production shows an optimum in the neighborhood 
of 35°C and the bactenal growth optimum is about 40°C While 
the rate of bactenal growth nses as the temperature is raised from 
35°C to 40°C the rate of phage formation exhibits a pronounced 
drop 

In the expenments on the effects of H ion concentration on the 
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phage-bacterium reaction the most marked differences are observed 
in the acid range As [H-ion] increases the lag phase of bactenal 
growth IS increased, although the slope of the phase of logarithmic 
growth IS not appreciably altered when once begun At pH 6 0 
bacterial growth occurs for only 0 6 hour as compared with the loga- 
rithmic growth phase of 1 2 hours at pH 7 Likewise, only one-half 
the total number of cells is produced at pH 6 as at pH 7 Neverthe- 
less, there is no corresponding increase m the lag phase of phage 
production nor is the rate of phage formation altered by lower pH’s 
The total amount of phage formed at pH 6 0 and pH 6 5 is identical 
with that produced at pH 7 0 

With increasing alkalinity there appears to be no pronounced 
deviation from the normal curves of bacterial growth and phage 
formation At pH 8 5 lysis is delayed almost an hour, and the lytic 
threshold is in the neighborhood of 1000 activity units per bactenum 
instead of 100-140 as is usually the case 

The pH experiments mdicate that phage formation can occur at the 
normal rate in the absence of bacterial growth (see Fig 5) In 
another experiment at pH 6 using a temperature of 28°C instead of 
36°C we found that phage formation goes on at the rate of a 10-fold 
increase per hour, while there is no bacterial growth at all during the 
entire experimental period 

From the above considerations it would appear that the significance 
previously accorded bacterial growth as the essential conditioning 
factor for phage production may be questioned At pH 7 4 and 36°C 
the equation expressing phage production in terms of the rate of 
bacterial growth fits the observed experimental data very well (1) 
The reason for this good agreement is probably to be found in the fact 
that both the phage-forming mechanism and the mechanism of 
bacterial growth happen to follow the course of autocatalytic reac- 
tions The apparent relationship is further emphasized by the 
cessation of phage formation when bactenal growth is stopped 
abruptly by altering environmental conditions, e g shifting to very 
low temperatures as was done by Krueger and Northrop (1) The 
dependence of phage production on bactenal growth is, however, more 
apparent than real, for the two phenomena can be dissociated When 
bactenal reproduction is inhibited by the use of broth adjusted to 



ALBERT P KRtJEGER AND JACOB PONG 


149 


pH 6 and 28°C phage production nevertheless proceeds at a rapid 
rate (Fig 10) The selection of bacterial growth data for use m 
denving the equation for phage production m as then merely fortuitous 
and basically inthout significance In place of the expression for 
bactenal growth there should be substituted the terms for some other 
reaction which proceeds logarithmically with time but whose nature 
IS at present unknow n This reaction may w ell consist of the pro 
duction of a phage precursor which is promptly converted into 
phage by phage itself Numerous unpublished observations made in 
this laboratory over the past 3 years have shown that 100 per cent 
increases in phage titre can be obtained by adding certain cell free 
ultrafiltrates of bacterial preparations of phage 

There is good reason to believe that phage is a protein with the 
properties of an enzyme (7-11) We feel that the experiments re 
ported in the present paper support this concept, and suggest that 
the mechanism of phage production can be studied like any other 
cellular mechamsm of enzyme formation under conditions which 
set It apart from the complexities of cellular growth 

SDIQTARY AND CONCLUSIONS 

1 The effects of temperature and H ion concentration on the reac 
tion between antistaphylococcus phage and a susceptible staph 
ylococcus ha\e been studied 

2 The temperature optimum for phage production is m the neigh 
borhood of 35°C and that for bactenal growth is approximately 40°C 

3 With increasing H ion concentrations there occur (o) an increase 
in the lag phase of bactenal growth without any correspondmg in 
crease m the lag phase of phage production, (i) a dirmnution m the 
total bactenal population accumulating in the medium without any 
corresponding drop in the total amount of phage formed 

4 With mcreasmg alkahmty there is no pronounced change in the 
curves of bactenal growth and phage formation At pH 8 5 the 
lytic threshold is increased to about 1000 phage units per bactenum 
mstead of 100-140 as is usually the case and the time of lysis is delayed 

5 By adjusting the medium to pH 6 and 28°C bactenal growth 
can be completely inhibited while phage production continues at a 
rapid rate 
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6 Apparently, the previously stressed importance of bactenal 
growth as the prime conditioning factor for phage formation does not 
hold, for under certain experimental conditions the two mechanisms 
can be dissociated 
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THE INDUCTION PERIOD IN PHOTOSYNTHESIS 
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I 

INTRODUCTION 

When a plant is illuminated, its rate of photosynthesis is at first 
low and gradually increases until it becomes constant This induction 
period was first observed by Osterhout and Haas (1918) for Ulva and 
independently confirmed by Warburg (1920) with Chlorella It has 
since been found by Van dor Paamv (1932) for Bormtduim, by Bnggs 
(1933) for Mnium, and by Emerson and Green for Gtgarltna (1934) 
It IS even demonstrable m WiUstatter and Stoll’s (1918) measurements 
with Hehanthus, Sambucus, and Acer Though present in such a 
vanety of plants, the induction period vanes considerably, being 2 
mmutes in Chlorella and Hormtdtum, 20 minutes in Gigartina, SO 
imnutes in Mmum, and even longer in Uloa Van der Paauw found 
Its duration to vary with temperature 
The mere existence of the induction penod demonstrates that the 
light process in photosynthesis must precede the dark or Blackman 
process (Warburg, 1920, Baly, 1934) We have therefore undertaken 
a quantitative description of it under various conditions m the hope 
that It will give further mformation about the processes involved in 
photosynthesis 


II 

EXPERIMENTAL 

I Procedure — ^The fresh water plant Cabomba carolitiiana was used with the 
same methods for control and measurement of photosynthesis as in a previous 
research (Smith 1937) 

The tissue was placed m carbonate bicarbonate mixtures in a Warburg vessel 
and after a short time in the dark its respiration determmed for 30 minutes As 
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Warburg has noted, it is not possible to get accurate measurements by periodic 
observation of the manometer during continuous illumination, there is always a 
defimte lag in the liberation of oxygen from the solution The plant was there- 
fore exposed for 1 minute to the light, and after 5 or 10 minutes in the dark the 
reading of the manometer was taken The procedure was then repeated for 
successively longer hght exposures, until a complete set of data was obtained on 


50 


40 

1 

0 


0 Z 4 6 6 /O /z 

T/npe-'npff)i/fes 

Fig 1 Photosynthesis as a function of time of illurmnation for Cabomha 
The upper curve is for an intensity of 282,000 meter candles, the lower one for 
1,740 meter candles An induction period is present at both illuminations The 
data are averages, each curve representing five similar runs, they are given in 
Table I 

the particular tissue Several readings were usually made for the short exposures 
^^^lere the total amount of photosynthesis was small, three or four fronds of about 
300 mg vet weight were used, otherwise a single frond of about 100 mg was 
adequate A complete run was always made with each tissue, and repeated four 
times with different fronds so that each point represents the average of at least 
five individual readings, while the points for short exposures include several more 
The average data are in no w-ay different from the single runs 
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2 Raulls — \Varburg was unable to find an induction penod with 
Chlorella at low intensities This is not the case for Cabomba Fig 1 
presents the data for a high and a low light mtensitj , both show a well 
marked induction period These data are in Table I together mth 
those for an intermediate mtensitj and for two loner COi concentre 
tions at high intensity For Cabomba, photosynthesis balances 
respiration near 300 meter candles, reliable measurements for short 
exposures are thus not possible much below 1500 meter candles 
Above this, the induction period is demonstrable over a range of 


Photosynlbcsts As a Function of Time of lUuminatton 
Each set of data is the average of 5 similar experiments Photosynthesis from 
the beginmng of the illumination given as cubic millimeters of oxygen evolved 
per too mg net weight of tissue, corrected for respiration Intensities are in 
meter candles and CO concentrations in moles pet hter 
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intensities of about 1 to 160 (from 1,740 to 282,000 meter candles) 
which at this high COj concentration is about 85 per cent of the total 
photosynthesis range Approximately the same range is covered by 
the three expenments at different COt concentrations at high light 
mtensity (Smith, 1937) 

The data of the mduction period are well desenbed by the equation 


log 


#-* - P* 


Kt 


( 1 ) 
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where p is the photosynthesis rate at any time (/), and pm is the maxi- 
mum rate When plotted on a double logarithrmc scale, the shape 



7//pe ^ /v^/pi/fes 

Fig 2 Rate of photosynthesis as a function of time for different intensities 
and CO 2 concentrations for Cabomha The same curve is drawn through all 
the data and is from equation (1) Photosynthesis is in cubic miUimeters of 
oxygen per minute with the scale correct only for curve A , the others have been 
displaced by different amounts, with the correct positions indicated on the right 
side of the figure The light intensities (/) in meter candles, and the CO 2 con- 
centrations in moles per liter are as follows (^) I = 282,000, [CO 2 ] = 2 90 X 
10-^ (B) I = 11,800, [CO 2 ] = 2 90 X 10-^ {Q I =- 1,740, [CO 2 ] = 
2 90 X 10-^ (JD) I = 282,000, [CO 2 ] = 7 87 X IQ-® (£) I = 282,000, 
[CO 2 ] = 2 05 X 10-® These data are taken from Table I 

of the curve of this equation is independent of the constants pm and 
K In Fig 2 this curve is drawn through all the measurements for 
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Cabomba given m Table I, so that a change m light intensity or COj 
concentration affects only the position of the curve but not its char 
acter Table II gives the photosynthesis rates as oxygen produced 
per minute, together with the values calculated from equation (1) 
Equation (1) also describes with good preasion the data of Warburg 
and of Bnggs drawn in Fig 3 Thus the measurements obtained on 
three plants, Cabomba, Chlorelta, and Mmnm, each representative of 
different phyla, are shown to be similar Since the effect of light 

TABIH n 

Rate of Photosynthesis and Time 

Observed values from Table I expressed as oi>gen produced per minute 
Calculated values arc from equation (1) with the constants obtained by graphical 
fit. 
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intensity and COi concentration is the same for all plants which have 
been investigated (Smith, 1936, 1937), the induction penod provides 
an additional aspect of the similarity of the photosynthetic mechamsm 
in different plants 

In Fig 4 are plotted the data for Hormidtum for the three tempera 
tures studied by Van der Paauw Although of lower precision than 
the others, these measurements are consistent with equation (1) 
The large shift of the curves on the time axis with an increase m tem 
perature suggests tliat it is not a photochemical or a diffusion process 















156 


INDUCTION PERIOD IN PHOTOSYNTHESIS 


which IS rate limiting Both the time shift and the increase m the 
final maximum involve only a change in the constants which descnbe 
the data 

Emerson and Green’s measurements made with Gigarhna immersed 
in sea water are well described by equation (1) However, equation 
(1) does not fit the data obtained when the plant was immersed in sea 



-oz 00 oz oe 
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Fig 3 Rate of photosynthesis as a function of time The upper set of data 
are for two runs, D I (open circles) and E V (solid circles) on Mmum by Briggs 
(1933) with the correct time scale indicated at the top of the figure The lower 
set of data are those of Warburg (1920) on Chlorella The photosynthesis scale 
IS arbitrary The same curve is drawn through the data for both plants and is 
from equation (1) 

water saturated with 5 per cent carbon dioxide in air The latter 
data show a longer induction time but reach the same maximum as 
that attained in sea water The different curves probably represent 
some special effect, since the observations on other species are similar 
m spite of different expenmental conditions The measurements of 
Osterhout and Haas v ho first observed this induction phenomenon are 
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not sufEcientl} reliable for companson with other data, because their 
data arc vitiated b> lack of suitable control of the COj concentration, 
a vanablc which produces large changes in photosynthesis rate 



Fig 4 The data of Van der Paauvr (1932) on Hormxdxxim. for the relation be 
tween photosynthesis rate and time at three temperatures Photosynthesis is 
given as rate per minute in Van der Paauw s umts For the 26 data a value at 
2 0 minutes has been interpolated in place of an expenmental pomt that is obvi 
ously out of line with the rest of the data The curve from equation (I) has been 
dra^n through the three sets of data A change of temperature does not alter 
the shape but only the position of the curve with respect to the ordinates 


ni 

Thcoreltcal 

Equation (l) which desenbes the data of the induction penod may 
be derived by considenng the r6le of chlorophyll in the cycle of hgh 
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and dark reactions ^ Chlorophyll is apparently involved in the photo- 
chemical reactions by the absorption of light quanta, and in the Black- 
man reaction by transfer of energy affecting the reduction of carbon 
dioxide The cycle may be pictured 

Chlorophyll -h light —* activated chlorophyll 
S + oxygen + chlorophyll <— activated chlorophyll -f COj -j- H.O 

This scheme involves no assumptions regarding the intimate nature of 
the reactions concerned, and represents merely a minimum picture of 
the changes which take place The position of the substances other 
than chlorophyll in this scheme will not affect the equations to be 
derived since these are constant during a study of the induction period, 
although both the CO 2 (Emerson and Green, 1934) and the water 
(Pratt, Craig, and Trelease, 1937) are probably involved in the dark 
stage 5 represents the carbohydrate formed 
The existence of the induction period indicates that the light process 
precedes, therefore it is the dark reaction which determines photo- 
synthesis, and we may write 


P^f2{x) ( 2 ) 

where p is the rate of photosynthesis, and x is the concentration of 
activated chlorophyll The concentration of activated chlorophyll 
depends on the difference in rates of light and dark reactions, since 
activated chlorophyll is formed in the light and used up in the dark 
Thus 


dx/dt =/i {I, unactivated chlorophyll) — /, (*) (3) 

The relation between % and t is the integral of equation (3) 

^ Gaffron (1935) has suggested that the diminished oxygen production during 
the induction period is caused in part by the photo-oxidation of metabolites 
which accumulate while the plant is in the dark Such a photo-oxidation would 
require a longer induction time at low intensities As Warburg has pointed out, 
this would be similar to the induction penod present in the hydrogen-chlorine 
reaction, which is distinctly not the case for photosynthesis We therefore as- 
sume that the induction penod is a real property of the photosynthetic mechanism 
as such 
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I{ for (2) we write 


t - h,x' 


and for the integral of (3) 


/ 


dx/dt 


j h(c.' - »■) - fel* 


W) 


(S) 


we can derive equation (1) Light intensity, water, and carhon 
diowdc are constant in an) erpemnent, and are included in the 
velonty constants and fii, a is a constant which may be related to 
the total available chlorophyll 

Carrymg out the integration required by (5) and the substitution 
from (4), ve obtain 


1 1 

^ + 

1 Ij 

+ #' 

' jS.U.'a ' 

L(i.+W*J 

-p' 


■ 2hh{k, + i,)U 


Calling 


(*. + i.)* 

we obtain equation (l) 


*i'*.*<i . . . M.'oW. + *,)' „• 

und — A 


. 


( 6 ) 


• If ki and k 2 the constants for the bght and dark processes include the hght 
intensity and CO concentration respectively then an increase in either of these 
factors indicates an increase in the stationary state rate, which is actually the 
case (Table II) Hoivever, the K \alues which are also expected to increase, 
seem to show a trend in the opposite direction The values are too uncertain for 
any definite conclusion to be drawn since each set of measurements was made on 
different matenal 

Many curves have been derived from equations similar to (4) and 
(5) but having different exponents These curves are mvanant m 
form when plotted on a double Joganthmic scale, and may readily be 
compared with the data They all show a steeply nsing portion, a 
rapidly curving transition region, and a honzontal section at the 



160 


INDUCTION PERIOD IN PHOTOSYNTHESIS 


Stationary state The slope of the steep portion depends very largely 
on the exponent in the term of the dark reaction The approximate 
slopes are 0 5,10, and 1 5 where x is respectively raised to the powers 
0 5 and 1 and 2 The principal effect of the different exponents in 
the light reaction is to alter the curvature of the transition region 
The slope of the steep portion of the curve is 1 5 (Figs 2, 3, and 4), 
indicating that the dark reaction is of the second order When the 
equations are of simple bimolecular form as m 

J dx/dt = J Ai(a — »)“ — h (7) 

With 

P = (8) 


the integral obtained, with the substitution required by (8), gives a 
slope for the steep portion smular to that of the curve derived from 
the data and of equation (6), but differs markedly m the curvature at 
the transition region 

Where the light and dark processes are first order as m 


/ 


dx/dl — 


J ki{a — x) — hx 


With 


P = kiX 


the resultant equation 


In 



k\ k^d 
(fii + ki)p 


{ki + 


(9) 

( 10 ) 


( 11 ) 


has a slope of 1 0 for the steep portion, and is wholly inadequate for a 
description of the data In Fig 5 are drawn for comparison the 
curves for equations (6) and (11), and the mtegral of (7) with the sub- 
stitution required by (8) 

That the simple assumptions of hght and dark processes are not 
completely adequate is shown by the fact that the equations which 
descnbe the data for the mduction penod are not in harmony with 
those that descnbe the relation between mtensity and photosynthesis 
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at the stationary state The data for intensity and photosynthesis 
at the stationary state can be dcscnbed by the equation’ 


with 


rfx/i( - - *•) - iix* - 0 


p “ kiX 


( 12 ) 

(13) 


whereas, for the induction period, p must be proportional to x'* in 
equation (13) This might indicate that the dark reaction which 



Fig 5 Theoretical curves for the course of photosynthesis rate with time 
A IS from equation (11), B is from the integral of (7) with the substitution of 
(8) C IS from equation (6) The units are arbitrary and the curves have been 
made to coinade at the stationary state for comparison Drawn on a logarithmic 
scale, the cur\ es have a shape which is mdependent of the constants in the equa 
tions 

bmits the rate at the stationary state is not the same reaction w)uc)i 
determines the rate of mcrease of photosynthesis durmg the mduction 
penod The term for the hght process {o’ — s’) is the same in both 

In an earlier research (Snuth 1937) it was thought that the hght reaction 
nught be half-order, which would have made intensity enter as the first power 
Squarmg the stationary state equation bnngs the intensity and COi data m hne 

„nrl, tl,„ ('videnrp snnnlipd hv the mductlOn DCnod 
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cases, with intensity entering as the square, and indicates that the 
same light reactions are involved in both phenomena 

For the first part of the induction period, t e until the stationary 
state IS approached, the amount of photosynthesis is proportional to 
the square of the time This can be related to the results of Emerson 
and Arnold (1932) who found that the amount of photosynthesis was 
independent of light intensity when the product of intensity and time 
was constant They assumed that this indicated a photochermcal 
process directly proportional to the mtensity With the short light 
exposures used by these investigators, well within the time of the 
induction period of Chlorella, photosynthesis is proportional to the 
square of the time, and their results indicate that the product of the 
squares of mtensity and time is constant This would be m keeping 
with equation (12) which indicates that intensity enters as the square 
in the photochemical reactions of photosynthesis 

The author is grateful to Professor Sehg Hecht for much friendly 
advice and criticism 


SUMMARY 

1 Measurements on the photosynthesis of Cabomha carohniana 
show an induction period at low and high light intensities and CO 2 
concentrations 

2 The equation which describes the data for Cabomha also describes 
the data obtained by other investigators on different species The 
phenomenon is thus shown to be siimlar in plants representative of 
three phyla 

3 A derivation of the induction period equation is made from a 
consideration of the cycle of light and dark processes known to occur 
in photosynthesis The equation indicates that light intensity enters 
as the square, and that the same light reactions are involved as those 
which affect the stationary state rates However, a different dark 
reaction appears to limit photosynthesis during the induction period 
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I 

tNTRODCCnON 

The abiUty of the eye to distinguish detail is dependent, among 
other tilings, upon the intensity of the illumination fallmg upon the 
object The measure of this ability is termed visual acuity and is 
expressed as the reaprocal of the angle (in imnutes) subtended by the 
finest detail disbnguishable Uhthoff (1886, 1890) first investigated 
the relation of visual acuity to illumination over an extensive range of 
intensities, and several years later Koenig (1897) reinvestigated it in so 
thorough a manner that his data have become classic These data 
show that the relationship between visual acuity and the logantlim 
of the illumination is sigmoid 

Since then numerous studies have demonstrated that at least three 
experimental conditions not controlled in the earlier work may have a 
profound effect upon the results The first of these concerns pupil 
size, the second, the distance of the test object from the observer, 
and third, the bnghtness and extent of the field surrounding the test 
object 

The physiological properties of the retina are concerned with appar 
ent brightness rather than with the external bnghtness Since the 
relation of the two is influenced by the pupil, Troland (1916) proposed 
the photon as a unit of retmal bnghtness, and expressed it as external 
brightness in millilambefts times 10/x times pupil area in square 
milhmeters The adequacy of this unit to descnbe apparent bnght 
ness has been questioned by Stiles and Crawford (1933) who showed 
that the effectiveness of the hght in producing bnghtness sensation 
falls off markedly when it passes through the more penpheral areas 
165 
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of the lens This has recently been confirmed by Wright and Nelson 
(1936) In addition, the size of the pupil affects the image-forming 
properties of the lens and thus the visual acuity of the eye (Cobb, 
1914-15) All previous extensive data suffer on this count since the 
natural pupil was used Even the most recent contribution in this 
field (Lythgoe, 1932) is not entirely free from this error m intensity 
scale In his attempt to evaluate the apparent brightness, Lythgoe 
measured the pupil area of each observer at each intensity and com- 
puted the values in photons As pointed out above, such procedure 
cannot be considered valid any longer in the light of the data of Stiles 
and Crawford Lythgoe’s data, moreover, lack completeness of 
range Due to his method of measurement m which the test object 
IS exposed 1 6 sec out of every 9 6 sec , it was impossible to obtain 
readings at low intensities The rod portion is entirely missing 
Moreover, he was unable to reach the highest intensities on his sur- 
round with the result that the upper portions of his curves are doubt- 
ful His experiments with an artificial pupil are also open to criticism 
in that the condition of a uniform and continuous surround did not 
obtain m them 

Another uncontrolled variable is the distance of the test object 
Aubert and Forster (Aubert, 1865) have shown that m a series of 
constellations of different sizes, so arranged that they subtend equal 
geometric angles at the eye, the smaller constellations are resolvable 
further out m the periphery than the larger ones Recently Freeman 
(1932), using a simple visual acuity test, found that larger constella- 
tions are more efficient than smaller ones These two apparently 
contradictory results may be reconciled as one phenomenon on the 
assumption that the focal length of the refractive apparatus of the 
eye changes with fixation distance Thus, if the nodal point of the 
lens moves toward the retina with nearer accommodation, the small 
constellation would give a smaller image on the retina than would the 
larger The image of Aubert’s smaller constellations would fall 
nearer to the center of the retina than would be accounted for on 
external geometncs The data of Roelofs and Zeeman (1919) also 
show an anomalous effect of stimulus distance, the smaller constella- 
tion being more efficient for the greater range of their measurements 
The data on this phenomenon arc quite insufficient for a complete 
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understanding They are enough, however, to show its existence as a 
source of error 

The effect of the surrounding illumination has been rccentlj demon- 
strated by Lythgoe and Tansley (1929) and Hecht and Smith (1936) 
on flicker, by Stemhardt (1936) on intensity discnmination, and by 
Lythgoe (1932) on visual acuity Evidently an extensive surround 
equal m bnghtness to that of the test field is necessary m all measure 
ments in which the eye is in a stationary state of adaptation As a 
corollary, it is equally necessary that the eye be completely adapted 
to the intensity at which an observation is to be made 

To avoid these vanous uncontrolled vanables, an apparatus was 
designed which eliminates them This apparatus presents a test 
object that may be vaned continuously in size over a range of about 
1 100 at a fixed distance of 1 meter from the eye This test object 
hes in the center of a field that is 30® m extent, and is observed through 
an artifiaal pupil of 2 mm diameter The illumination is vaned 
discontinuously by means of filters m steps of approximately 0 3 log 
unit 


n 

Apparatus 

Fig 1 shows the optical system of the apparatus S, the source, is an mean 
descent baU of a tungsten arc An image of the source is focussed on the pro- 
jection lens system, PX , by the condenser C The projection system consists 
of a Zeiss “Tclenegative of 6 cm focal length ngidly mounted, and a Zeiss 
‘ Tessar ’ of 15 cm focal length mounted so that it may be moved along its optic 
axis for a short distance This constitutes a highly corrected projection system 
of variable focal length Between the condenser and the projection system tliere 
is a test object carnage, T 0 , which is movable along the optic axis In addition 
the carnage can be rotated about its optic axis so that the test object may be 
presented m a number of different mendians An image of this test object is 
projected on the field lens F L after reflection from a front surface plane mirror 
not shown m the diagram The test object carnage engages a cam and lever 
which controls the position of the positive member of the projection system 
This IS so arranged that the image of the test object is always m the same plane. 
Thus, image of variable size of the test object is formed in the plane of the 
field lens and serves as the test object when viewed through the pupil P 

The field lens focusses an image of the projection system and therefore of 
the source at the artifiaal pupil P which is a arcular aperture 2 mm in diameter 
The field thus far presented to the eye at the pupil is only about 4 in extent 
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A surround of 30° is furnished by the spherical front surface mirror M, having a 
30 cm radius of curvature and a 15 cm diameter, with a 21 mm circular hole in 
the center Another image of the source is focussed at S' by the system of lenses, 
C'C The hght is then reflected by a right angle prism and diverges to fill the 
mirror M M in turn focusses an image of S' at the pupil 

Just within the artificial pupil are the filters, F, that control the intensity 
The first one is a circular glass with 3 sectors of Wratten neutral filters of densi- 
ties 0 0, 0 3, and 0 6, the second with 5 sectors of densities 0, 1, 2, 3, and 4, the 
third with 2 sectors of densities 0 and 4 With these it is possible to achieve an 
intensity range of 8 6 logarithmic umts in steps of 0 3 of a unit In addition, 
space IS available for one of a series of Wratten monochromat filters for work with 
isolated spectral regions In most of the measurements to be reported here, this 
space was occupied by a neutral filter of density 2 All the filters were calibrated 
for white hght by means of a Martens polarization photometer The maximum 
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Fig 1 The diagram of the optical arrangement of the apparatus 


intensity obtainable m this apparatus is over 800,000 miUilamberts which are 
equivalent here to over 8,000,000 photons 

All the parts shown m Fig 1 are mounted on two optical bench bars each 1 
meter long These in turn are bolted to two structural steel bars at the ends, 
forming a rigid unit The plane mirror not shown is supported from the narrow 
end of the main umt by means of a light alurmnum and duraluminum frame work 
A sheet metal hood to shield the observer from stray hght is mounted from the 
other end The whole rests on a table top with a three point contact 

The test object carriage is movable on its optical bench bar by means of a 
coarse screw mounted beneath it This screw is driven by the observer from a 
conveniently located knob through a hght chain dnve A pawl and ratchet 
wheel limits this motion to one direction only, namely towards an increase in the 
test object size The recorder can easily disengage the test object carriage from 
its screw dme by releasing a pin to reset the test object A millimeter scale. 
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engraved on the optical bench, serves to locate the position of the test object 
The total motion of the carnage is 38 cm This produces a 3 to 1 change in the 
size of the image at the field lens A senes of 7 test objects, no one larger than 
twice the previous one, enables us to cover the complete range with adequate 
overlapping 

The image of a large test object was measured at a senes of scale positions 
The data were plotted as log visual acuity against the scale readmgs A table was 
then constructed from the smooth curve through these data giving the log visual 
acuity for every millimeter of the scale A logarithm factor for each test object 
IS then added to the table reading to give the exact log visual acuity for each 
plate at its position on the scale 

Two different types of teat objects are available One of them is a grating of 
alternate opaque and transparent bars of equal width This senes was engraved 
on glass disks for us by Max Levy and Company of Philadelphia, Pa The other 
IS the Landolt’s broken arcle or C in which the width of the Ime and the gap is 
one fifth the total outside diameter of the letter This senes was prepared 
photographically b> a speaal high resolution method, because the smallest C 
had to be 0 25 mm m diameter A negative C of 20 mm diameter was ac 
curately formed of sheet brass Optical flats were thinly coated with a hot IS 
per cent gelatin solution and dried The gelatm was then sensitized with po- 
tassium dichromate and the plate exposed m a camem through the glass so that 
the insoluble portion would be adjacent to the plate After washing the unex 
posed gelatin off with hot water, the remaining gelatm was stamed with Heiden 
ham's iron hematoxylin. This stain, perhaps the most commonly used one in 
cytology and histology, is not a dye but a sobd blue black preapitate These test 
objects show a perfectly sharp ^ge at a magnification of 100 diameters The 
graimness becomes just visible at 500 tunes magnification They were sealed 
under cover glasses with Canada balsam and measured under a imcroscope with 
a filar micrometer Chromated gelatm is an extremely insensitive photographic 
matenal, by using a condensing lens behmd the negative C to focus the image 
of the soura on a fully opened f 3 5 photographic objective, the exposures were 
cut down to reasonable values 

The constancy of the brightness of the test field was expenmentally v enfied 
The lUummation of the surround was mtercepted by means of an opaque shield 
placed over C', and the light from the test field only was permitted to fall on a 
Weston photromc cell connected to a sensitive galvanometer The test object 
carnage with the smallest C plate was then moved over its entire range No 
change m the galvanometer deflection was observable even though a change of 
1/4 of 1 per cent could be easily detected with this set up 

With the gratmg test object, an extreme intensity difference of about 20 per 
cent was observed m different combinations of distance and gratmg size This 
IS caused by the fact that the diffraction pattern of the source image fallmg 
on the projection lens system is vaned m extent by the size and distant^ of the 
gratmg By inserting two ground glasses between the source and the con 
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densers and using these as secondary sources of greater area, most of the varia-' 
tion in intensity was ehminated, the residual change being less than 2 per cent 
As a result the maximum intensity obtainable was somewhat lower In addition, 
the intensity was cut in half by the use of the grating, since a field covered by 
an unresolvable grating appears umformly illuminated with half the intensity 
This necessitated the removal of the neutral filter of density 2 described above 
when measurements with the grating were made 

III 

Procedure 

Measurements were begun at the lowest intensities after the 
observer was dark adapted for about 20 minutes The observer kept 
his right eye as near to the artificial pupil as possible and steadied his 
head by means of a chm rest After complete adaptation to the in- 
tensity of the field, he brought the test object carriage nearer until 
resolution of the letter was possible The test object was then reset 
by the recorder, and the determination repeated In most of the 
measurements with the C, two determinations agreed sufficiently to 
be considered adequate For reasons to be presented later, four 
determinations were made at each intensity with the gratmg The 
intensity was then mcreased by suitably altering the filters and the 
process repeated By this means a complete run was obtained at one 
sitting of less than 3 hours duration 

The data to be reported here were obtained with two experienced 
observers, both emmetropes With the C as test object, A M C was 
able to cover the entire range well within 3 hours and without undue 
fatigue ELS was not so adept, and his measurements begin at 
that illummation at which the cones first control visual acuity 

Measurements with the gratmg as test object are much more diffi- 
cult and take more time to make The unresolved grating presents a 
umformly illuminated field offenng no point of fixation, with the result 
that the stnpes appear rather suddenly and without warning An 
attempt to supply a fixation point by pastmg a small circular black 
paper dot on the field lens was only partially successful in overcoming 
this difficulty, since the resolution does not take place at the fixation 
point This IS unlike the C which can be fixated and resolved at the 
point of fixation 
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Another difEcultj is the pronounced retinal astigmatism found m 
every eye thus far examined It is possible to rotate a just resolved 
test field so slowly that the observer can follow the direction of rota 
tion, and jet have the field become unresolvablc at certam angles 
This IS probably caused by the necessity of having a fairly large 
number of retinal elements functioning to resolve a graUng as com 
pared with the number required to resolve the opening m the C 
On the basis of a distribution of threshold for the vanous retinal 
elements as suggested by Hecht (1928), it is probable that the func- 
tional elements might be more numerous or denser along one axis 
than along another This explanation is borne out by two observa- 
tions One IS that this astigmatism is more pronounced at the lower 
intensities where the curve of log visual acuity versus log I is steep, 
and practically disappears at the higher values where the curve levels 
off The other one is the fact that the more easily resolved angle is 
not constant throughout the range at one sittmg nor is it the same at 
each point at different sittings Thus, for example, in one run for 
E L S on June 10, 1936, at a log I value of —1 057 photons, the 
values for the log visual acuity were —0 529 for the angle 45° to the 
right, and —0 725 for 45° to the left, a difference of about 0 2 loganth 
mic unit At about 0 7 logarithmic unit higher in intensitj the values 
were —0 173 for 45° to the right and —0 058 for 45° to the left, a 
difference about half as large and in the opposite direction Finally 
at a log I value of 0 118, no astigmatism could be detected 
For these reasons it was found necessary to take a reading at each 
of the four positions of the grating at each mtensity Each value was 
usually taken only once This is equivalent to taking only one 
reading at each intensity with the C Hence, these data are not so 
smooth as those taken with the C Eight readmgs at each intensitj 
were of course mdicated, but the desire to cover a large range at one 
sitting precluded that Even so the range that could be covered 
comfortably was greatly shortened The measurements, however, 
were so arranged that one observer, A M C , began his measurements 
at the lowest mtensities and continued as far as possible, while the 
other, ELS, started at the beginning of the cone range and earned 
the curve to completion 
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IV 

RestiUs with C as Test Object 

The data are given in Table I Each datum of log visual acuity is 
the average of the determmations made in three different complete 

TABLE I 


Visual Acuity and Illumination 


C test object 

Grating test object 


Log visual acuity 




Log I in 
photons 

No special 
fixation 

Central fixation at all intensi 
ties above 0 1 photon 

Log I in 
photons 

Log visual acuity 


AMC 

AMC 

ELS 


AMC 

ELS 

I 

n 

ra 

IV 


VI 

vn 

-2 433 

-1 358 

-1 468 



-1 157 


-2 146 

-1 230 

-1 283 



-0 961 


-1 862 

~1 121 

-1 157 


-2 076 

-0 899 


~1 413 

-1 021 

-0 981 


-1 792 

-0 835 


-1 127 

-0 932 

-0 896 


-1 343 

-0 691 

-0 698 

-0 843 

-0 836 

-1 004 

-1 007 

-1 057 

-0 531 

-0 561 

-0 441 

-0 651 

-0 725 

-0 724 

-0 773 

-0 438 

-0 338 

-0 154 

-0 450 

-0 515 

-0 518 

-0 371 

-0 206 

-0 174 

0 130 

-0 260 

-0 332 

-0 335 

-0 084 

-0 099 

-0 087 

0 525 

-0 141 

-0 132 

-0 149 

0 200 

0 015 

-0 032 

0 812 

-0 054 

-0 039 

-0 055 

0 595 

0 096 

0 030 

1 096 

0 042 

0 059 

0 031 

0 882 

0 099 

0 074 

1 488 

0 162 

0 151 

0 125 

1 166 

0 142 

0 124 

1 775 

0 214 

0 212 

0 186 

1 558 

0 158 

0 144 

2 059 

0 271 

0 249 

0 234 

1 845 

0 179 

0 157 

2 507 

0 300 

0 292 

0 270 

2 129 

0 195 

0 192 

2 794 

0 327 

0 315 

0 268 

2 577 



3 078 

0 347 

0 343 

0 294 

2 864 



3 480 

0 363 

0 367 

0 313 

3 148 


0 231 

3 767 

0 384 

0 371 

0 324 

3 550 


0 238 

4 051 

0 396 

0 390 

0 345 




4 446 

0 385 

0 397 

0 340 




4 733 

0 382 

0 399 

0 326 




5 017 

0 389 

0 415 

0 345 





runs They are given in the form of log I and log visual acuity, the 
same form m which they are recorded from the readings of the 
apparatus 

The data of column II were obtained in the usual way \\Tithout 
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speaal fixation, so that the most sensitive portion of the eye at each 
mtcnsitj was used The subjective observations are that the first 
fiv e values arc mediated by the periphery of the eye and represent the 
function of the rods Each succeeding value is determined by a region 
of the retinal periphery nearer the center of the eye than the pre- 
ceding one The next four \ alues are determined by cones that are 
not centrally located As with the rods, each succeeding one of these 



Fig 2 The data of A M C , Table I, column U, showing the relation between 
log visual acuity with the C and log / when the most sensitive portion of the ret 
ina IS used. The first file points represent the function of the rods, tlie next 
four that of the para foieal cones and the remainder that of the central cones 
The curve for the rods is of the equation (3) and that for the central cones equa 
tion (2) 

IS detenmned by a region nearer to the fovea than the precedmg one 
All the other values are mediated by the fovea of the eye 

To avoid the use of different regions of the retma for each succeed 
mg determination, at least for the cones, the ne,xt senes of measure 
ments, given in columns III and IV, were made with central fixation 
as soon as the cones took over the function namely, at a bnghtness 
of about 0 1 photon This was made possible by the fact that the C 
test object can be fi-xated centrally long before resolution of the 
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opening is possible This fixation can be maintained readily until 
central resolution is achieved in spite of the fact that resolution by 
adjacent regions of the retina may be possible earlier 
The data of column II are plotted in Fig 2 and those of columns III 
and IV in Fig 3, with those of E L S m column IV displaced 0 5 
log unit below those of A M C The logarithm of the visual acuity 
IS plotted against the logarithm of the illummation Such double 



Fig 3 The data of A M C , Table I, column III, and for E L S , Table I, 
column IV, showing the relation between log nsual acuity ■mth the C and log I 
when central fixation is mamtamed for the entire cone portion of the data The 
ordinates for A M C are at the left and those for E L S are at tlie right The 
cur\'e for the rods is of the equation (3), that for the cones, equation (2) 

log plots are superior to the single log plots on three counts One, 
they serve to bnng out more strikingly the discontinuity m the func- 
tion of rods and cones [see Hecht, 1934 (intensity discrimination), 
Hecht and Shlaer, 1936, and Hecht and Smith, 1936 (flicker)], and 
that they do so here may be judged by companng these double log 
plots -mth the single log plots m Fig 4 Two, this tj^pe of plot shows 
deviations of equal percentage throughout the complete range, and is 
again illustrated by a companson rvath Fig 4 where the deviations 
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become larger the higher the visual acuity Three, in such plots the 
shape of the curve through the data is independent of the particular 
units involved This greatlj simplifies the selection of a theoretical 
curve to desenbe the data 

The same curve is drawn through all the rod data, and a slightly 
different one through all the cone data in both these figures These 
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Fio 4 The single log plot of some of the previously plotted data showing the 
increased scatter at high visual acuities and the change in slope of the sigmoid 
curve with change of the maximum visual acuity The filled arcles are the data 
of E L S Table I column IV, with the C The circles are for A M C Table 
I, column VI, and the crosses are for E L S Table I column VTI, both with 
the grating The curves are for the cones only and are of equation (2) 

curves are theoretical and will be discussed presently It may, how- 
ever, be pomted out here that the subjective observations made dunng 
the measurements plotted in Fig 2 manifest themselves by the fact 
that the first four cone pomts, representing the function of a non 
homogeneous group of para foveal cones, do not fall on the theoretical 
curve but be above it 

The maximum visual acuity for E L S is somewhat lower than that 



176 


VISUAL ACUITY AND ILLUMINATION 


for A M C In a single log plot as in Fig 4 this manifests itself m a 
lower slope of the sigmoid curve as well as a lower maximum 

The measurements with A M C were on one occasion earned on 
for about two more logarithmic units in brightness The values of 
visual acuity neither rose nor fell throughout this change of 100 times 
in the intensity This is taken to indicate both that the maximum 
intensity here recorded is adequate to achieve the maximum visual 
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Fig 5 The data of A M C , Table I, column VI, circles, and of E L S , 
Table I, column VII, crosses, showing the relation between log visual acuity with 
the grating and log I The curve for the rods is of equation (3) and that for the 
cones, equation (2) 

acuity of the eye as well as that the surround is adequate in area and 
in brightness Measurements on various functions of vision (Lythgoe 
(1932) on visual acuity, Hecht and Smith (1936) on flicker, Hecht 
(1935) and Stemhardt (1936) on intensity discrimination) have shown 
that a surround inadequate in either area or intensity or both is 
invariabl}’’ manifest by a decrease m sensitivity at the highest in- 
tensities 
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V 

Results With the Grating as Test Object 
The visual acuity data with a grating as the test object are presented 
in the last three columns of Table I and plotted in Fig S The gratmg 

was chosen as a second test object primarily to eluadate the problem 
of area versus distance in detail perception Should this property be 
measured by a distance, such as visual acuity, or by an area? For a 
grating, the area involved is directly proportional to the distance 
betn een bars because the length remains unchanged, while for the C 
the area is proportional to the square of the distance If area is the 
basis for detail perception, then visual acuity should be squared for the 
C, and multiphed by a constant, corresponding to the effective length 
of the bar, for the gratmg m order that they be comparable This 
means that m a double log plot of visual acuity agamst intensity of 
lUuimnation the curve for the C should be one half the slope of that 
for the grating The data plotted in Fig 5 are adequately described 
by the same two curves that described the data with the C test object, 
showing that detail discrimination is a function of distance rather than 
area This justifies fully the use of visual acuity as here defined, and 
usually used, as a measure of this property of the eye 

VI 

Factors Limiting the Resolving Pemcr of the Eye for a Grating 
Another reason for the choice of the grating is that it lends itself to a 
quantitative evaluation of the limiting factors in the resolving power 
of the eye The factors that might be operating here are three m 
number (1) the “detenoration” of the retinal image as a result of 
aberrations of the lens and diffraction at the pupil together with the 
intensity discnmination of the retina, (2) the diameter of the pupil 
in its relation to the transmission of the diffraction spectra resultmg 
from the test object, and (3) the resolving power of the retina as a 
function of the separation between retmal elements 
In the case of the gratmg it is possible to compute the point by point 
intensity distribution in the retmal image as a result of chromatic 
aberration of the dioptric system and diffraction pattern of the pupil 
The problem is similar to that of an edge of an extensive dark area 



178 


VISUAL ACUITY AND ILLUMINATION 


adjacent to an extensive light area due to the fact that the bars are 
very long compared to their width Such computations with the C 
test object are very much more difficult and have never been carried 
out due to the shortness of all dimensions of the opening Using the 



Fig 6 A The distribution of the hght in an image of an extensive edge on the 
retina when chromatic aberration and diffraction are taken into account Values 
are from Hartridge (1922) 

B The distnbution of hght in an image of a grating corresponding to a visual 
acuity of 1 7 on the retina when chromatic aberration and diffraction are taken 
mto account 


curve computed by Hartndge (1922) and reproduced m Fig 6A that 
gives the distnbution of intensity across the retinal image of an edge 
when chromatic aberration and diffraction are taken mto account, the 
distnbution of mtensity m the image of the grating corresponding to a 
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Visual acuity of 1 7 was computed The intensity goes through a 
sinusoidal distnbution around SO per cent as shoun in Fig 6B The 
mavima reach only to 61 per cent, and the minima go donn to only 
39 per cent Assurmng for the moment that the spacing in the image 
corresponds to the spacing of adjacent rows of cones m the retina, 
the average intensities on them is 57 per cent and 43 per cent Call 
ing the intensity on the bnghter row 100 per cent, that of the dimmer 
one IS about 75 per cent, a difference of about 25 per cent Calcula 
tions made by Hartndge (1922) show that in the image of a just 
resolvable single Ime the maximum intensity difference on two adja 
cent rows of cones is only about 10 per cent The difference for the 
grating comes out to be over twice that value, indicating that perhaps 
the intensity difference in the image is not the lumting factor 
It IS possible to test this by means of visual acuity measurements 
with three speaal gratings One grating is similar to those used in 
that the opaque bars arc equal in width to the spaces between them, 
and may be designated as 1/2 The second grating has the same num 
ber of lines per centimeter as the 6rst, but the width of the Imes is only 
half and may he designated as 1/4 The third grating has hnes only 
halt as wide again as those in the second grating and may be desig 
nated as 1/8 The distribution of intensity in the retinal image of 
the first gratmg is as described in the precedmg paragraph and drawn 
in Fig 6B The second grating at the same magnification gives an 
intensity distnbution of the same penodicity as the first, but somewhat 
shallower, and symmetneal about the 75 per cent \ alue instead of the 
50 per cent value The maximum intensity difference on two adja 
cent rows of cones is then only about 12 per cent^ The third grating 
behaves similarly and gives only about a 6 per cent maximum differ- 
ence in intensity for two adjacent rows The expectation is then that 
the same maximum visual acuitj should be achieved with the 1/4 as 
with the 1/2 gratmg, while the 1/8 grating should give a considerably 
reduced value The average values for the maximum visual acuity 
for both observers with these three different gratings are with the 
1/2, 1 86, with the 1/4, 1 84, and with the 1/8, 1 75 It is therefore 
definitely estabhshed that the mtensity discrimination of the retina 
in the “detenorated” image is far from being a limiting factor in the 
resolving power of the eye for a grating 
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The small, almost insignificant, lowering of the maximum visual 
acuity by means of the 1/8 grating led me to investigate further the 
basis of Hartndge’s minimum value of a 10 per cent intensity differ- 
ence m the image of a just resolvable single line It was found that a 
5 fx wire placed in front of the field lens could be seen quite readily, 
while a 4 /i wire could not By means of a 2 2 /z wire' mounted in the 
test object carriage the limiting values were found to be between 4 2 
and 4 6 /i These correspond to a visual angle of about 1 second of 
arc The computation of the intensity distribution in the retinal 
image is quite inaccurate for such small separations, and the values of 
intensity difference on two adjacent rows of cones cannot be relied on 
to better than perhaps a factor of 2, but the value thus arrived at is 
between 1 5 and 2 0 per cent 

The second possible limitmg factor concerns the pupil size, not as 
it affects the retinal image as a result of diffraction at the pupil and 
the aberrations of the dioptric mechanism of the eye, but m its rela- 
tion to the amount of the diffraction spectra formed by the grating 
test object that it can transmit Abbe (1873), m his work on the 
theory of imcroscope optics, demonstrated that in order for an image 
of a grating to be formed, the aperture of the objective must transmit 
the zero and at least one first order spectrum of the source That 
this conclusion is not unique to imcroscope optics but applies to 
macroscopic optics as well is readily demonstrated by an experiment 
devised by A B Porter (1906) and described by Wood (1934) 

Calculation showed that with a grating corresponding to a visual 
acuity of 1 8, a pupil 2 mm m diameter transmits the zero order 
spectrum and one entire first order spectrum up to about a wave 
length of 630 mju A pupil of 3 mm diameter was therefore put into 
the apparatus, and the maximum visual acuity was determined as 
before It increased about 15 per cent to a value of 2 12 In order 
to transmit up to X630 mju of the first order spectrum of a grating 
correspondmg to a visual acuity of 2 1, the pupil need be only 2 3 mm 
diameter Such a pupil, actually measuring 2 35 mm , when put into 

' The 4 and S/j. test w ires ere gilded quartz strings obtained from the Cam- 
bridge Instrument Co , Inc , of New York City and mounted betw een optical flats 
in air The 2 2/1 ware ivas a platinum Wollaston wire obtained from Baker and 
Co , Inc., of Newark, N J , and mounted between a thin covershp and an optical 
flat wath Canada balsam 
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the apparatus, yielded the same maximum visual acuity as did the 
3 mm one, namely a value of 2 12 It is therefore clear that pupil 
size ivhen it is less than 2 3 mm m diameter is the limiting factor in 
the resolving pow er of the eye for a grating 

The maximum visual acuity when the pupil size is not the limiting 
factor IS 2 1 Since the grating is a repeated pattern, the smallest 
resolvable one must represent a spaang exactly equivalent to that of 
the elements in the retina A smaller pattern would result in each 
cone bemg covered by a fraction of the light and dark stnpes A 
different situation obtains with a single object There the maximum 
visual acuity may be much higher as it actually is here with the C, 
being 2 2 for E L S and over 2 5 for A M C and may even reach 
30 times the grating value with a single stripe or line This is anal 
ogous to the situation in the eye of the bee where the smallest gratmg 
resolvable is one that corresponds to the smallest ommatidial angle 
(Hecht and Wolf, 1929), while a single bar need be only about a quarter 
as wide to be seen (Buddenbrock, 1935) because a smgle row of 
ommatidia can detect an intensity change of about 25 per cent (Wolf, 
1933 a, i) Assuming the finest resolvable gratmg to correspond to 
the spaang of the retinal elements and takmg the focal length of the 
eye to be IS S mm , the computed distance between adjacent rows of 
foveal cones comes out to be about 2 1 p 0sterberg (1935), countmg 
the number of cones m an area of 0 031 mm radius around the fovea, 
found the density of cones to be about 147,000 cones per sq mm 
Assummg the space occupied by a cone to be hexagonal, the distance 
between centers of adjacent cones comes out to be 2 8 /z and that be 
tween adjacent parallel rows of cones 2 4 jz This value is an average 
over a relatively large area and is probably too large for the most 
central region as evidenced by the fact that Rochon Duvigneaud 
(1906) found the cones in the central bundle of the retma to be from 
2 0 to 2 5 jz in diameter 

The fact that the final value of the width of a row of cones is smaller 
than had been previously assumed in the calculation of the intensity 
difference on two adjacent rows of cones does not appreaably change 
the conclusions drawn The previously assumed value was 2 6 
When a width of 2 1 jz is substituted, the percentage difference m the 
intensity rises from 25 per cent to 27 per cent 

It IS of mterest to note here that although the average diameter of 
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the pupil under high illumination is about 2 5 mm yet the smallest 
pupil diameter in the literature, that of P R in Reeves’ (1918) paper, 
IS only 1 9 mm Thus the eye is built so that the two hmiting factors, 
the pupil diameter and the cone separation, operate at nearly the same 
value 2 

There are two other interesting points about the grating data One 
IS that the function of the para-foveal cones is not manifest m the 
measurements Since the eye is presented by an extensive test field 
of 4°, one would expect the most sensitive elements to control the 
resolution at all times, resulting in a curve similar to that of Fig 2 
That such is not the case may be explamed on the notion that a 
considerable homogeneous population of functional retinal elements is 
necessary for grating resolution No such large homogeneous popula- 
tion of cones exists outside the fovea proper except perhaps m the 
periphery where the rods are more numerous and control the function 
of that area 

The other point has to do with the relative visual acuities for the 
two test objects at a given intensity In Fig 7 the curve for A M C 
of Fig 3 and the curve of Fig 5 are drawn correctly spaced on their 
respective axes It will be seen that below about 30 photons the 
grating gives superior visual acuity values, while at higher intensities 
the C IS superior Companson of the rod curves and the first portion 

^ A question might arise in the experiments on the relation of pupil diameter to 
maximum visual acuity as to whether the observers’ pupils were 2 35 mm in 
diameter and that the further increase in the artificial pupil produced no effect 
That this IS not so may be gathered from the followmg When the apparatus is 
arranged for work with the grating, there are two overlapping images of the 
ground glass sources in the plane of the pupil Because the grating decreases 
the intensity of the test field, that of the surround has to be decreased also This 
IS accomphshed by means of a diaphragm on the ground glass source that sup- 
phed the surround illumination The result is that whereas the image of the 
source from the test field always fills the pupil, that from the surround is always 
smaller In order to faalitate work with the 1/2, 1/4, and 1/8 gratings, this 
diaphragm is an ins that can be readily adjusted to give a brightness match for 
the two parts of the field under different circumstances When the 3 mm pupil 
is substituted for the 2 35 mm , the test field becomes brighter than the sur- 
round for both observers, necessitating the opening of the ins controlling the 
surround bnghtness This defimtely shows that the natural pupils of both 
observers are wader than 2 35 mm. 
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of the cone curves for the two test objects shows that in order to 
achiete equal visual acuities about 10 tunes more light is necessary 
for the C than for the grating This is not surprising when one 
considers that long before the opening in the C can be resolved the 
letter looks like an 0, and that therefore the resolution of the 0 is 
more nearl> comparable to the resolution of the hnes in the grating 
That the cone curves cross is the result of the fact that a higher maxi 



Fic 7 The curve for A M C of Fig 3 and the curve of Fig 4 showing the 
relative position on the axes of the two functions for the two different test objects 

mum visual acuity is attainable with the C Thus the maximum 
visual acuity with the grating is reached at about 1 logarithmic unit 
lower m intensity 


VII 

Compartsan unth Freinous Data 

For comparison with previous data, I corrected Koemg’s (1897) 
measurements with white hght, to give relative retinal bnghtnesses 
His mtensity values were first converted mto millilamberts They 
were then multiplied by the photon factor (Troland, 1916), the pupil 
diameters being denved from the average found by Reeves (1918) 
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These values were then multiphed by a pupil efficiency factor derived 
from the data of Stiles and Crawford (1933) The data were then 
averaged in groups of five consecutive values, and plotted as log visual 
acuity against the logarithm of the retinal brightness in Fig 8 The 
curves drawn in this figure are the same ones drawn through our own 
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Fig 8 The data of Koenig for white hght with his intensity scale converted 
into retinal brightnesses by means of the data of Reeves on pupil area and the 
data of Stiles and Crawford on pupil efficiency and plotted as log visual acuity 
against log I The curve for the rods is of equation (3) and that for the cones of 
equation (2) 

vni 

Theory 

The curves drawn through all the data represent two varieties of 
the stationary state equation developed by Hecht (1934) upon the 
most general considerations of the requirements of a photoreceptor 
process Assuming a photosensitive material S which is changed by 
light to photoproducts P, A, B, and which is reformed again by a 
thermal reaction of some of these products, he denves the equation for 
the stationar)’’ state as 


KI = *"/(<* — *)" 


( 1 ) 
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where I is the light intensity, (a *) and x are the concentrations of 
sensitive matenal and photoproducts respectively, m and n are con- 
stants giving the orders of the photochemical and thermal reactions, 
and iC IS a constant 

Setting the initial concentration a = 1, the values for KI for a 
series of values of x may be computed for the four cases where m = 1, 
« = 1 , >» = 2, « = 1 , j» = 1, « = 2, and ni = 2, « = 2 By puttmg 
these values in the form of their logarithms, the nature of their de 
pendence becomes independent of the values of the constants K and a, 
and maj be plotted as log KI versus log x or log x" for each of the four 
cases In this form the curves may be used to test any set of data 
that are plotted m the form of log visual function against log I by 
simple superposition They then indicate the values of m and n 
Such treatment has jnelded gratifymg results with tlie data of in 
tensity discrimination (Hecbt, 1935), flicker (Hecht and Shlaer, 1936, 
and Hecht and Smith, 1936), photosynthesis (Smith, 1937), instanta- 
neous threshold (Hecht, 1937), and here, visual acuity 

The curve drawn through the cone data in this communication is 
that of equation (1) nhen m = 2, « = 2, and where visual acuity is 
proportional to a" Equation (1) may then be written 


KI = 


VA 


( 2 ) 


This IS identical with the form found to fit the data of intensity 
discrimination (Hecht, 1935) for the cones and difi'ers from that found 
to fit the data of flicker only by the fact that flicker is proportional 
to X (Hecht and Smith, 1936) 

Keeping visual acuity proportional to x", the data for the rods may 
be fitted about equally well either when m = 1, « = 2, or when m = 2, 
« = 1 The latter was chosen here to complete the similanty with 
the data of intensity discmmnation, and may be wntten as 


KI - 


VA 

VA)' 


( 3 ) 


DC 

SUMMARY 

1 An apparatus for measunng the visual acuity of the eye at differ 
ent illuminations is described The test object is continuously van 
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able in size and is presented at a fixed distance from the eye in the 
center of a 30° field Observation of the field is through an artificial 
pupil The maximum intensity obtainable is more than enough to 
cover the complete physiological range for the eye with white light 
though only 110 watts are consumed by the source Means for vary- 
ing the intensity over a range of 1 10^“ m small steps are provided 

2 The relation of visual acuity and illumination for two trained 
observers was measured, using two different types of test object, a 
broken circle and a grating The measurements with both test 
objects show a break at a visual acuity of 0 16, all values below that 
being mediated by the rods and those above by the cones The 
grating gives higher visual acuities at intensities less than about 30 
photons and lower visual acuities above that The maximum visual 
acuity attainable with the grating under the same conditions is about 
30 per cent lower than that with the C It is shown that the limiting 
factor in the resolution of the eye for the grating is the diameter of 
the pupil when it is less than 2 3 mm and the size of the central cones 
when the pupil is larger than that The value of the diameter of the 
cone derived on that basis from the visual acuity data agrees with that 
derived from direct cone count in a unit of area 

3 The data for the cones made with both test objects are ade- 
quately described by one and the same form of the stationary state 
equation derived by Hecht for the photoreceptor system This fact, 
together with certain considerations about the difference in the nature 
of the two test objects with regard to the resolvable area, leads to the 
conclusion that detail perception is a function of a distance rather than 
an area All the data for the rods can likewise be described by another 
variety of the same equation, although the data are too fragmentary 
to make the choice of the form as certain as might be desired 

It is a pleasure to acknowledge the author’s indebtedness to his 
professor and colleague. Dr Selig Hecht, to whose friendly guidance 
throughout their many years of association the author owes much, 
and to his colleagues. Dr Aurin M Chase and Dr Emil L Smith who 
gave amply of their time and patience to make all the measurements 
here recorded, measurements which are perhaps the most arduous m 
the entire field of vision to make 
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The large single cells of NUclta are very favorable material for the 
study of clcctncal characteristics They can be found S cm or more 
long and about 0 5 mm m diameter The single cell has a thin 
protoplasmic layer between the cellulose cell wall and the central 
vacuole Presumably the bulk of the protoplasm is a relatively good 
electneal conductor but both the inner and outer protoplasmic 
surfaces are selectively permeable and each has a high electneal re 
sistance and capaaty It has not been possible to differentiate the 
electneal properties of these two surfaces, so for simplicity, combined 
effects of both may be called the membrane resistance, capacity, or 
impedance 

Blinks (1930) measured the direct current resistances of livmg and 
dead cells between two electrodes separated different distances along 
the length ol the cells, in air or a moist chamber An average mem 
brane resistance of 250,000 ohm cm ’ was found, and an approximate 
speafic resistance of 87 ohm cm for the vacuolar sap is obtained from 
his results From the time constants of the charge and discharge 
curves in this and a later paper (Bhnks, 1936) he estimated a mem 
brane capaaty of 1 0 pf /cm ’ which he suspected to be a polanzation 
capacity 

In such longitudmal measurements, the paths of current flow are 
partly across the cell membrane and partly along the length of the 
cell, but they have been expressed with some success by the core 
conductor theory (Cremer, 1899, Hermann, 1905, Labes, 1932) 
Although the results of the theory have been applied to nerve, the 
postulates should be much better represented by Nttella Blinks’ 

* Aided by a grant from The Rockefeller Foundation 
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data for the direct current resistance agree qmte well with this model 
and lead with considerable certainty to substantially the values for 
membrane and sap resistance which he obtamed by a simpler analysis 
The membrane capaaty may be calculated from the transients at the 
make and break of the measurmg current, but this is somewhat 
comphcated and imsatisfactory The theory predicts that the form 
IS given by the error mtegral which may differ from a simple expo- 
nential by no more than 10 per cent and this is a rather small margm 
in the analysis of oscillograph records 
As IS well known, the transient and steady state properties are 
fundamentally identical (c/ Cole and Curtis, 1936) Smce NtteUa 
cells can be kept constant for hours at a time, considerably more 
accurate steady state alternating current impedance measurements 
over a range of frequenaes should be possible 

The analysis of the longitudinal impedance of a single fiber (Cole 
and Curtis, 1936) may be extended and simphfied when the electrodes 
are narrow and suffiaently widely separated, and the ceU membrane 
has a fimte resistance and a static capacity In this case, from pre- 
hminary measurements at the Biological Laboratory, Cold Sprmg 
Harbor, Long Island, and Bhnks’ data, it was apparent that the 
maximum reactance would be at about 30 cycles per second It would 
then be necessary to make measurements at 3 cycles per second and 
advantageous to go even lower Although our apparatus is now 
equipped to go down to 30 cycles per second, it is not expedient at 
present to extend the range in this direction when an alternative type 
of measurement is available 

In transverse measurements, where the current flow between the 
tv/o parallel electrodes is everywhere perpendicular to the axes of a 
suspension of parallel uniform fibers, the current distnbution in and 
around the cells is relatively simple, the important frequencies are 
considerably higher and in a more convement range than for the 
longitudinal measurements 

Transverse Impedance Theory 

The impedance equation m this case (Bozler and Cole, 1935) is 
analogous to the Maxwell equation for a suspension of spheres, 

" 1 + T,!-^ 


1 -f r,/r 


( 1 ) 
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where ri is the specific resistance of the suspending medium, z, the 
speafic impedance of the suspension, it the equivalent speafic im 
pcdance of the fibers, and p is their volume concentration The arcuit 
which IS equivalent to tlie suspension consists of two resistances and 
an element whose impedance depends upon the frequency (Cole, 
1928, 1932) In the derivation of this equation, a random distribu- 
tion of the fibers is assumed (Cole and Curtis, 1936) but for Ntlella 
it IS desirable and possible to work with a single fiber It is easUy 
shown that the impedance of a single cyhndncal cell symmetrically 
placed with respect to the electrodes is the same as a suspension of 
such cells in a rectangular arra> This case has been worked out by 
Rayleigh (189S) who found equation (1) as an approximate solution 
When the electrode separation is equal to the electrode width, the 
equivalent array is square and it can be shown that for a volume 
concentration of 0 S or less a maximum error of 1 per cent will be made 
by the use of equation (1) rather than the second approximation given 
by Rayleigh The theory for a measuring cell of rectangular cross 
section IS more involved, but when the ratio of the dimensions is not 
far from umty the limitmg volume concentration is only slightly 
reduced 

On the basis of the Rayleigh analysis, we shall use equation (1) 
and others which are derived either from it, or in a similar manner 

EXPERIMENTAL 

Nttdla fiexihs was purchased from a tropical fish dealer and kept m aquana 
with gravel and goldfish until used Some time before measurements were to be 
made a suitable cell about 0 45 mm in diameter was cut loose from the adjoin 
ing cells transferred to the measunng cell, and allowed to equilibrate It was 
often found that slow apparently spontaneous lluctuations of the low frequency 
impedance would occur for long penods with an otherwise normal resting cell 

Although this effect could result from a change of membrane resistance it 
seems more probable that it was due to a salt transfer since it nearly disappeared 
when the external medium was flowed continually The cells could be maintained 
in the measunng cell m good condition with vigorous protoplasmic streaming 
for as long a penod as desired 

To obtam satisfactory transverse impedance measurements on a single Nitdla 
cell It was necessary to use considerable care in the design and construction of 
the measimng celL Cells of the type shown in Fig 1, which were built up of 
glass with de Khotmsky cement were the most satisfactory 

The two electrodes of platimzed platinum were 1^ cm long and inlaid into 
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opposite sides of the groove into which the center portion of a Nitella cell was 
placed This groove was 0 5 nun by 0 7 mm and 3 cm long, with depressions 
at each end which accommodated the cut ends of neighboring cells 

The top surface of the cell was pohshed flat and was covered with a flat glass 
plate after the Natella cell was m place The electrolytes used were flowed con- 
tinually from a beaker into one end of the groove, through the measuring cell, 
and out at the other end by capillary glass siphons It was possible to change 
the electrolyte concentration and reach the new equihbnum in about 5 minutes, 
and the impedance then remained stable and cell environment was known and 
constant 

The alternating current Wheatstone bridge used and the method of making 
the measurements is descnbed in detail elsewhere (Cole and Curtis, 1937) The 
current through the measunng cell was so small that the impedance was independ- 
ent of it The impedance was measured as parallel resistance, i?p, and capacity, 
Cp, at sixteen frequencies from 30 cycles per second to 2 5 megacycles per second 



Fig 1 Measunng cell for transverse impedance of a single Nitella cell 

At the lower frequencies it was necessary to make corrections, which were usually 
small, for the polarization impedance of electrodes 

The data were calculated^ and plotted with series resistance, R„ and reactance, 
A”, as absassae and ordinates to give the impedance locus 

Data and Calculahon 

When a Nitella cell, suspended in an electrolyte, is equivalent to a 
circuit containing two resistances and a vanable impedance element, 
the impedance locus is a circular arc, and the phase angle of the van- 
able impedance element is half the angle subtended b}'^ lines drawn 

' The formulae are 


E. = 


1 -b (EpCpu)' 


X. = 




1 + (EpCpo.)’ 


where oi is 2— times the frequencj in cycles per second 
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from the two intersections of this curve wnth the resistance axis to the 
center of the arcle (Cole, 1928) It is seen by the data for a Nilclla 
cell which is plotted in Fig 2, that such a circuit is a close approxi- 
mation over most of the frequency range The phase angle in tins 
case 15 77° and the average value which has been found for Nztella 
IS 80° ± 4° 

If a Ntlella cell consists simply of a non conducting membrane sur- 
rounding an electrolyte, tlie volume concentration, p, of the cell sus 



Fig 2 Impedance locus senes resistance It, vs senes reactance JT , for a 
teUa cell m tap water Frequenaes are given in kilocycles per second 


pended in an electrolyte of resistivity r, is given by (Bozler and Cole, 
193S) 


1 — ri/r, 
1 + r,/r. 


( 2 ) 


where ro is the low frequency resistivity of the suspension IVhen 
this equation was applied to the data of Nstella, however, it was found 
that computed values of p were always markedly lower than those 
obtamed from the inner diameter of the eell wall The most obvious 
explanation of this would be that the membrane is not non conductmg, 
but has a finite and measurable resistance On this hypothesis the 
membrane resistance would have an improbable value of about 
1 ohm cm which would depend on the medium There is, however, 
another explanation which is worth investigating 
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Cellulose and Membrane Resistance 

The Nitella cell is surrounded by a layer of cellulose which has 
been thought of as being completely permeable and therefore havmg a 
resistivity equal or at least proportional to the resistivity of the sus- 
pending medium If, however, the cellulose wall had a resistivity 
mdependent of the suspendmg medium, it would be possible to explam 
the discrepancy m volume concentration measurements To test this 
hypothesis, and at the same time obtam the other electrical constants 
of the cell, runs were taken m the following manner A cell which 
had been carefully selected for measurement was placed m the meas- 
uring cell and tap water circulated around it When it had become 
equihbrated, the parallel resistance and capacity were measured over 
the entire frequency range Without disturbmg the cell, 1 per cent 
sea water was substituted for the tap water, the procedure repeated, 
and agam for 10 per cent sea water The Nitella cell was then re- 
moved and its ends cut ofi A glass rod was drawn out to approxi- 
mately the internal diameter of the cellulose wall and several feet 
long Such rods are always shghtly tapered, and, startmg at the small 
end, this cellulose tube was pushed as far as possible under water 
toward the large end The rod was then broken at each end of the 
tube, placed in the measurmg cell, and complete frequency runs taken 
for the three electrolytes Then that portion of the tube between 
the electrodes was carefully cut away from the glass rod and the 
procedure repeated Finally the glass rod was removed and the 
process repeated on the three electrolytes alone The entire senes 
could be completed in about 10 hours 

Table I gives specific resistances obtamed from such a run Those 
for the hving cell are the extrapolated zero frequency values The 
resistances for the suspendmg medium and for the uncovered glass 
rod were mdependent of the frequency and the values for the covered 
glass rod were nearly so It will be noticed that for the high resistance 
medium the resistance with the glass rod is lower when it has the 
cellulose ■wall over it than -when it is by itself, and that for the low 
resistance medium the opposite is the case This m itself sho'w^s that 
the resistivity of the cellulose -wall is neither the same as the resistmty 
of the suspending fluid nor even proportional to it Companng the 
resistances for the live cell and the glass-filled ceU, we notice that the 
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former are higher m everj case This might be taken as an indication 
that the membrane and cell mtenor had a higher equivalent resistance 
than glass, but it seems more probable that either the cellulose fits 
more tightl) over the living cell than over the glass rod, or better stdl 
that volume concentration, p, is greater m the live cell due to the 
turgor pressure But from these data it is possible to assign a value 
to the resistivity of the cellulose 

By a method similar to that used previously for muscle (Cole and 
Curtis, 1936), assuimng that the thickness of the cellulose, 6, is small 


TABLE I 

Specific Resutanccs tn Ohm Cm As Explained in Text 



Tap water 

1 

t percent 
lea water 

10 percent 
•ea water 

Suspending medium 

9 2-10 

1 578 

ISO 

Live cell 

15 500 

4 000 

545 

Glass rod 




Cellulose on 

13 670 

3 300 


Cellulose off 

20 620 

3 520 

1 397 5 


in companson to the radius, a, of the glass rod, the following formula 
for the cellulose resistivity, n, may be derived, 

^ (1 d" 23/a)(ro — rJ(ro + rj -t- (fa — rdho + r,) a 
^ (L -h 2Sfa\lf^ — rdfis -f- li) — (Co — riXrp d* rd n d* S 

where To and rj are the low frequency resistivities of the glass rod 
suspension with and without the cellulose wall respectively Since 
we must consider both r* and S as unknowns, measurements m a 
single medium can only define a relation between them There is 
then a smgle value of rj corresponding to each possible value of 5 which 
gives a curve when ri is plotted against 6 For the different media, 
the three curves are found as shown m Fig 3 and if the cellulose 
resistance and thickness are mdependent of the medium, these curves 
should intersect at a smgle point The center of the arcle tangent 
to the three curves gives 1150 ohm cm for the resistance and 12 8 p 
for the thickness which best fit all three sets of data Thus the cellu 
lose resistance was so shghtly affected when the conductivity of the 
medium was changed by a factor of more than SO, that we may 
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consider it to be substantially independent of these media Direct 
measurements indicated that the thickness of the cellulose wall was 
about lO^t Although we have not taken accurate direct thickness 
measurements, those that we have agree quite well with the computed 
values and give about lOju for the mature cells In one young cell 
the thickness obtained from the electrical measurements was 4/x while 
the directly measured value was Sfx This general agreement may be 



Fig 3 Thickness 5 vs specific resistance of cellulose sheath from measure- 
ments in three media having specific resistances indicated 

taken as further support for the assumption of a constant cellulose 
wall resistance 

Turning now to the low frequency measurements of the intact cell, 
we prefer to delay making an assumption of the membrane resistivity 
and to calculate the equivalent resistivity, r\, which a cell representing 
a volume concentration, p, would have if it were a homogeneous con- 
ductor In Fig 4 the same type of graphical simultaneous solution 
used abo\ e gives values of r'l = 27,000 ohm cm and p = 50 2 per cent 
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Since a value of p = 48 per cent was estimated from the over all cell 
diameter, v e have some reason to consider the \ aluc of r* seriously 
It may be noted that the intercepts of the curves of Fig 4 on the 
honzontal axis are the values of volume concentration which are 
calculated by equation (2) if the cellulose is ignored and the proto 
plasmic surface assumed to be non conducting Also the volume 



Fig 4 Volume concentration p vs equivalent low frequency conductance 
1/r'i of Nttella from low frequency measurements m three media having speafic 
resistances mdicated 


concentration of the glass filled cellulose was found to be 42 per cent, 
which suggests that the difference between its resistance here and 
when it is covenng the live cell is due to turgor 

If we now assume that the membrane is, within the hmits of expen 
mental accuracy, non conducting, we have (Cole and Curtis, 1936), 

1 — fi/rj ^ ^ 

1 + ri/r, o| 
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where ri is the resistivity of the cellulose wall and fli and 02 are the 
inner and outer radii respectively Substituting the values of 
above and from the glass rod data, we find S = 02 — fli = 8,5/i, 
which IS somewhat less than the previous value But we may say 
that within our experimental limits, the membrane may be considered 
non-conducting 

Membrane Capacity and Internal Resistance 

In previous work, the membrane capacities have been calculated 
at the characteristic frequency, for which the senes reactance is a 
maximum, or better, where the series resistance takes on the mean 
value of the extrapolated zero and infinite frequency resistances (see 
Cole and Curtis, 1936) In the case of Nitella, the cellulose is a 
nuisance in that we have been unable to evolve any but elaborate, 
and tedious, theory and calculations for the determination of the 
capacity and internal resistance 

The characteristic frequencies range from 0 63 kilocycles per second 
for the dilute medium to about 16 kilocycles per second for the most 
concentrated, and in spite of the difficulties, it is rather remarkable 
that the capacities are constant at 0 94/if /cm ^ to within ±10 per 
cent at the respective frequencies for the different media 

We have not been so fortunate in the determination of the internal 
specific resistance in the living cell By a procedure consistent with 
that used in the calculation of the capacities, we obtain from 95 
ohm cm for the concentrated media to 1800 ohm cm for the dilute 
media It was to be expected that this resistivity would be relatively 
mdependent of the medium Measurements on sap extracted from 
cells which had been soaking in the three media gave 58 ohm cm ± 8 
per cent, with no correlation with the medium resistance 

The mtemal resistances were calculated on the basis of the only 
infini te frequency extrapolations which could be made, as is shown in 
Fig 2, but it IS seen that there are indications of structures with a 
charactenstic frequenc}'^ above the present range These probably 
cannot be invoked to extncate us from our present resistance diffi- 
culties, but prehminar}’- measurements suggest that they may be the 
chloroplasts 
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Chloroplasls 

In order to investigate the effect of the chloroplasts, runs were tahen 
on a cell with both ends cut off m the three media, and again after the 
chloroplasts have been washed out The results were not particularly 
satisfactory because the change in resistance with frequency was very 
small, but it did show that the chloroplasts (or perhaps pieces of 
protoplasm adhenng to the cell wall) have a resistance and capaaty 
which IS a function of the frequency An effort was made to isolate 
the chloroplasts and measure their clectncal properties independently 
m a measuring cell which holds 0 OOS cc of suspension A satisfactory 
suspension of chloroplasts has not yet been obtained, but preliminary 
results agree with the dead cell data, and indicate that the impedance 
properties of the chloroplasts are similar to those of hvmg eells How- 
ever, more definite conclusions will have to await further measure 
ments 


DISCUSSION 

The assumptions that Ntlella has a non conducting membrane, and 
that the cellulose wall has a resistance which is independent of the 
suspendmg medium seem to have worked out rather well The data 
are consistent with them and furthermore lead to appro'omately 
correct values of the wall thickness Blinks’ longitudmal data on 
dead cells which have been filled with air are interestmg m this regard 
Assuming that the walls of his cells were 10;i thick, we compute a 
value of 850 ohm cm for the specific resistance of the cellulose, which 
agrees quite well with our values It seems premature to speculate 
about the nature of the conductance in cellulose on the basis of the 
present measurements, hut we hope in the near future to check this 
behavior of cellulose m material taken from other sources 
The average membrane capaaty of 0 94 #if /cm * which was obtained 
on these assumptions seems reasonable It is very nearly the same 
as has previously been found for a wide variety of different cells, and 
confirms Blinks’ estimate of 1 r»f /cm ’ The average phase angle of 
this capaaty is 80° which indicates that it is a polanzation impedance 
only shghtly removed from a static capaaty 
It was suggested m the work on nerve and muscle (Cole and Curtis, 
1936) that an equivalent polanzation impedance element could result 
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from a statistical distribution of membrane static capacities and cell 
diameters Further calculations on this postulate have indicated 
that It alone is probably not adequate^ and it has not yet been possible 
to check it for nerve or muscle by measurements on single fibers 
The present Nttella polarization impedance might be interpreted as a 
small variation of a membrane static capacity from point to point over 
the surface of the cell and while this is not an unreasonable picture, 
it IS not particularly attractive 

The value of the resistivity of the sap which was measured directly 
on sap squeezed from the cells is probably substantially correct In a 
similar manner, Hoagland and Davis (1923) obtained 89 ohm cm 
Calculations made from Blinks’ (1930) data for dead cells give a value 
of 87 ohm cm , and the same value is obtained from his transient 
measurements on live cells taken at very short times Preliminary 
data on chloroplasts show that they undoubtedly play some part in 
the calculations of the resistivity of the sap from our high frequency 
measurements on the live cell, and on the face of it, it does not seem 
as though they could account for the large discrepancies observed 
However, one could assume that they were packed very tightly 
around the inside of the living cell, bemg held firmly m place by the 
turgor pressure Then if the turgor pressure were released by placing 
the cells in a strong salt solution or by killing them, the chloroplasts 
would not be packed nearly so tightly and would not exert nearly as 
much mfluence on the measurements Since Blinks took his measure- 
ments with the current flow primarily parallel to the cell axis instead 
of perpendicular to it, he would not be troubled by this postulated 
phenomenon This would explain why his results on the living cell 
check the direct measurements and ours do not, and explain why our 
measurements taken m concentrated media come quite close to the 
correct value whereas the ones taken m dilute media do not How- 
ever, in following out this reasoning one runs into difSculties with the 
capacity values, so that further speculation can be indulged in profit- 
ably only after the impedance properties of chloroplasts are better 
known 

It is interesting to observe that transverse measurements cannot 
hope to detect a membrane resistance as high as that observed by 
Blinks in longitudinal measurements The problem is essentially 
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that of measunng the volume enclosed by the membrane with an 
accuracy which is impractical at present, but has been discussed m 
connection with manne egg measurements (Cole, 1937) 

SUMMAR\ 

Alternating current measurements have been taken on single Nttella 
cells over a frequency range from 30 to 2,500,000 cycles per second 
with the current flow perpendicular to the axis of the cell The 
measunng cells were so constructed that electrolytes of any desired 
concentration could be arculated dunng the course of the measure- 
ments The cellulose wall which surrounds the cell is found to play 
an important part in the interpretation of the results obtamed In a 
mature cell, this cellulose has a specific resistance of about 1000 ohm 
cm which IS independent of the medium m which the cell is suspended 
The thickness of the wall is computed to be about 10 p. The cell 
membrane is found to be virtually non conducting, and to have a 
capaaty of 0 94 pi /cm ± 10 per cent and a phase angle of 80° ± 4° 

The speafic resistances of the sap were difficult to compute from 
data on living cells and were unsatisfactory because they were very 
much dependent upon the medium, while measurements on extracted 
sap gave 58 ohm cm ± 8 per cent which was independent of the 
medium There are indications that the chloroplasts have impedance 
properties similar to those of hving cells 

We are indebted to Mr J M Spencer for his assistance 
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I 

For the investigation of visual flicker in fishes, amphibians, and 
certain insects we have used' the procedure of exposing an animal in a 
space surrounded by a rotating cylinder upon which there alternate 
transparent and opaque vertical stnpes Light of adjustable, meas- 
ured intensity is reflected through the transparent stnpes The 
cntical illuimnation, I„ is obtained which, for a given speed of rotation 
of the cyhnder, results in forced reactions of onentation and movement 
by the organism tested Alternatively, by adjustment of the speed 
of rotation of the cylmder, the cntical flash frequency is obtained by 
test which, for a given intensity of illumination m a flash, forces the 
same response The cntical flash frequency, F , is given by the 
number of flashes passing a given point at the arcumference of the 
cylinder in a unit time 

The relationships between F and the mean values of /» ( = /„), and 
between I and the mean values of Fc (= F„) have been discussed* 
from the standpomt that the response to the visual flicker, and to the 
direction of its movement, is homologous to the recogmtion of flicker 
in human visual expenments For this position it can be said, in the 
first place, that the curves thus obtained for the relationship between 
F and I have the same general properties in various organisms' as are 
found for marginal suppression of human visual flicker, further, that 
the curve obtained with the bee* by means of a quite different tech 
nique’ has again the same general properties 

' Wolf and Zerrahn Wolf 1935-36 Croaier, 1935-36, Crozier, Wolf, and Zer 
rahnWolf, 1936-37 o b c, d 1937-380 

■Wolf 1934-35 
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There arise m this connection certain special questions for the 
theory of critical flicker frequency We are not now required to enter 
upon a detailed discussion of these particular questions, but their 
significance must be referred to, they will be more elaborately con- 
sidered in subsequent papers * One point we attempt to deal with 
now, because it is important for the general theoretical treatment 
the question, namely, as to whether a valid homology may be held to 
obtain with respect to the flicker response data provided by lower 
animals on the one hand, as secured by the method outlined, and on 
the other hand the data of critical illumination as a function of flicker 
frequency for the human observer 

It is clear that the general form of the functional interrelationship 
of F and I, as it has been derived from different experiments, is the 
same for our measurements with fishes as in the case of the human 
observations ^ Both exhibit the composite character attributable 
to the duplex constitution of the vertebrate retina,® and both (at least 
certainly, m really comparable data, for the cone portion of the curve) 
are adequately described by a probability integral in which log I is 
the abscissa The human data, however, have been based essentially 
upon flicker /««£?», while the data with lower animals are based upon 
threshold response signifying marginal recogmiton of flicker It has 
been desirable to demonstrate experimentally that the two kinds of 
observations are comparable By essentially comparable we of course 
mean that the form of the functional connection between F and I may 
be legitimately used to develop and to test the theoretical significance 
of such data for the interpretation of visual responses, with confidence 
that in the two sorts of cases the data have the same kind of meaning 
A direct proof of the adequacy of this position is to be obtained by 
placing the eye of the human observer in the position occupied in our 
apparatus by a fish or insect larva If under these conditions a tech- 
nique and procedure essentially identical with that employed for other 
animals provides for human responses a flicker recognition curve 
basically identical with that known to be characteristic for flicker 
fusion in human visual reactions, the required demonstration is 

’ Cf Crozier, Wolf, and Zerrahn-Wolf, 1937-38 b, c 

< Crozier, 1937 

* Hecht, 1937, Hecht and Vemjp, 1933-34 a, b, Hecht and Smith, 1935-36 
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manifestly provided In other words, it may be held with some confi 
dence that what the lower ammals are responding to is properly 
labelled “fheber ” 

The simple arrangement satisfjnng these conditions is illustrated 
diagrammatically in Tig 1 The details of procedure have been varied 
in a number of ways, m different experiments In tests with fishes 
and the like the practice has uniformly been' to obtam three readings 
of I, or of F, at one time upon each of ten (or twelve) individuals, the 
same individuals being used in secunng the entire set of measurements 
for an F — / curve Tests must be apphed to insure that the individ 
uals thus treated together arc objectively a homogeneous' group 
Homogeneity thus defined means that the individuals concerned are 
essentially equiialent, and in a long senes of observations could be 
interchanged The average value of F orof/ foranmdividual = Fi, 
or /i, the mean of these numbers for the homogeneous group of 
individuals = F„, or /„ respectively The reasons for this procedure 
have been (1) that it reduces the influence of adventitious, irrelevant 
errors of observation and (2) that analysis of the vanations of the 
individual magnitudes of /i (or F,) m successive tests shows’ that they 
correspond to natural fluctuations of exatability (responsiveness) 
in any one animal 

In expenments of this tj^ie' the detennmations of T are made by 
slowly increasmg the intensity of the llashmg light until response of 
the organism tested is obtamed at I„ the same end point is also 
approached, m other tnals, by fixmg the intensity and slowly reduang 
the flash frequency until the same end point is signalled (Fj Rea 
sons hav e been discussed' (and tested') for the contention that, under 
the conditions desenbed, F* — / and I„ — F curves cannot be ex 
pected to agree but must be found to differ in a predictable way If 
observations of Fj and h (as already defined) are made at intervals 
upon a single organism this expectation is not m question, when the 
method of signalizing exatation during increase of I or decrease of F 
IS bemg used It is in point if the method of careful back and forth 

• Crozier 1936 

^ C/ Crozier Wolf, and Zerrabn Wolf 1936-37 o ft, c d, 1937-38 a 

• Crozier, 1935-36 

• Crozier, Wolf, and Zerrahn Wolf, 1936-37 a ft 
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adjustment to an apparent critical point is the procedure employed— 
as pubhshed data unmistakably sigmfy'o and as our own observations 
uneqmvocally demonstrate The importance of these considerations 
IS of two sorts It has a bearing upon the process whereby theo- 
retical mterpretations are tested by the adjustment of curves to the 
observations, it has a more direct mterest for the understanding of the 
way m which variabihty of responsiveness is involved in the deter- 
mination of Fc or 7c “ 

The procedure m the present experiments has been vaned m order 
to throw hght upon certam of these points, which will be amplified 
m subsequent papers The technique has some mamfest disadvan- 
tages for the precise investigation of the human visual response to 
flicker, but it has compensatmg advantages We may repeat that 
our primary purpose m these expenments was to demonstrate whether 
the curves of “response to visual flicker” as we have analyzed them in 
the case of lower organisms^ are essentially homologous to the data of 
human visual flicker We have therefore employed the same appa- 
ratus for the determination of both In the method used,^ however, 
the opaque stnpes necessarily reflect a certam percentage of the illumi- 
nation used Whether in our tests with the human eye this fact 
introduces complications of interpretation could be decided only by 
means of an elaborate senes of expenments designed to make clear 
the influence of area, location, and form of test patch, and of wave 
length of hght, upon the form of the F — I curve, as well as of the 
fundamentally significant effect of modifications of the proportion of 
light time to dark time (/t/Zo) m a flicker cycle Our expenments 
with fishes and with msects'^ have shown that, with the apparatus 
and procedure we here employ, (1) the for7n of theF — I curve is not 
affected by changes of (Zt/Zo) and (2) that the change of Fc as a func- 
tion of I IS not that which appears when reflection from the blackened 
surface of a sector disc is a factor, but is on the contrary that obtained^* 
when flicker is produced by mterruption of a beam of light Since in 
any case we are concerned with the /om of the function, these interest- 

wHecht, Shlaer, and Smith, 1935, Hecht and Vemjp, 1933-34a, cf Crozier, 
Wolf, and Zerrahn-Wolf, 1936-37 a 

^Cf Crozier, 1936, Crozier and Holwaj, 1937 
Crozier, Wolf, and Zerrahn-Wolf, 1937-38 b, c, 1937 

u Cf Pieron, 1922, 1936 
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ing and theoretically important features of the case may therefore 
he Ignored 

In one set of e-rpenments tie have, with each observer, system 
atically obtained ten successive determinations of I or of Fc at each 
of a number of levels of or of / respectively, on different dates The 
eye was adequately adapted to darkness, and then to the level of I 
being used, preliminary practice then assured absence of drift m 
successive readings The correspondmg mean values, /„ or F„, 
obviously have mamly the status of I\OX Fi in our tests with other 
organisms ‘ It is clearl> not to be evpccted that systematic differ 
ences should be apparent between and at equivalent leiels, 
unless these values are obtained (with a given observer) al the same 
time The vartalim in or in Fc is of course still expected' to throw 
light upon the interpretation of the mechanism initiatmg the index 
response It will be shown that the vanation of F, and of I respec 
tively follows different rules, which are severallj consistent with the 
mdications already provided by experiments with other organisms ' 

In another senes of tests the procedure was adjusted to correspond 
more nearly with that followed in the expenments with fishes and 
insects Three readings of F, were obtamed on each of five occasions 
at each of a number of intensities The mteipretation of these data 
will be discussed subsequently 

It has already been remarked that the instrumental procedure here 
used has certain theoretical defiaenaes One of its compensating 
advantages is that quite low flicker frequencies can be employed and 
maintained with relatively high preasion This has made it possible 
to extend the flicker curve to = 1/sec or below, and to demonstrate 
that its form in the region < F = 10 is like that observed with teleosts 
A disadvantage is that very high mtensities (log I for a flash >25 
milhlamberts) cannot be obtamed or varied with adequate preasion 
A knowledge of the kinds of complication legitimately to be expected 
in the flicker curve for a vertebrate, however, makes possible a useful 
analysis of the form of the function without an exact knowledge of the 
maximum to which the F — log I curve rises ’* 

"In any case, the observable value of the manmuin may be adventitiously 
affected by dedine phenomena infiuenced by ‘ glare" and other factors in such a 
way as to be of minor analytical significance Moreover at very high values of 
F the precision of the apparatus is defiaent in comparison with that obtaimng 
(section n) at lower flash freouenaes 
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II 


By means of two pnsms and a short-focus telescope the hne of sight from 
outside the rotating stnped cylinder was focused upon the interior surface (Fig 1) 
In effect, the human eye was thus put in the position of an ammal located in an 



Fig 1 The rotating cyhnder device' (diagrammatic) as modified for measure- 
ments of human response to flicker The apparatus is essentially the same as 
used for tests mth loner organisms By means of a set of two prisms and a tele- 
scope the obsen'er viens the stnped cyhnder in the position of an animal placed 
inside the stnped screen The visual field is square, with a visual angle of 14 3° 
on an edge 

aquanum inside the cyhnder,' mth the difference that only a patch of the surface 
was non exposed to view Square diaphragms in the viemng tube (Fig 1) 
dehmited a square field with vertical edges parallel to the edges of the opaque 
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stnpes on the cylinder The \isual angle of the field was about 14 3® on an edge 
A large field (with central fixation) was employed partly m order to test a pos 
sible influence of the number of divisions between light and dark areas, using 
cylinders uith different numbers of equally spaced stripes, and thus of different 
stnpc widths, it was found that there was (within the range used) no effect due 
to the number of dark bars in the field 

A square field has disadvantages os compared with a arcular one since flicker 
at the comers may be apparent at an intensity below that which is critical for 
the center of the field. It is also dear that the method of transiUumination of 
the cylinder allona light to be reBected from the inner surface of the opaque 
stnpes The complications ansmg m this way arc of no consequence for our 
immediate problem smee the proportion of hght time to dark time m a flash cyde 
was kept constant at 1 and we are concerned only with the form and structure 
of the curve 

Observations were made by the method used with lower animals With a 
fixed illumination the speed of rotation of the cylmder was slowly reduced from a 
high level until the observer signalled the operator that flicker was recognized 
In the converse test, with a fixed flash frequency the intensity was slowly in 
creased from zero until flicker was signalled 

The intensities were obtained from calibration curves givmg measured illumi 
nation at the eye piece of the telescope as a function of diaphragm opening * 
No attempt was made to correct for pupil area Cylinder revolution speeds 
were measured b> means of miUi voltmeter readings from a magneto geared to 
the cylmder driving shaft ^ Speeds were adjusted with coarse and fine rheo 
stats m the motor circuit 

Observations were taken m groups of ten successive determinations of the 
flicker response point (/ or F») The order of sucassion of levels of F, / was 
so arranged as to reveal any drift with time or practice Fatigue of the observer 
was avoided as much as possible In a few cases successive determinations of 
Fm and I„ were made at the same level 

Data secured with two observers, after preliminary practice on a 
number of days, are set out in Fig 2 The curves are of the same type 
in the two cases, but exhibit interesting differences The general 
form IS that already found by other observers using rotating sector 
devices ® There can be httle doubt that the form of the flicker 
function has not been influenced by the fact that the opaque bars are 
moving across the field The end pomt used in the observations of 
Fig 2 was a flutter of the field , a slightly higher mtensitj is required at 
each F to give definite response to the direction of movement of the 
bars, but there is no doubt that curves obtained with this end pomt 
would have the same form 
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The area of our square 14 3° field is a little less than that of the 19° 
circular field used by Hecht and Sroith (1935-36) The curves have 
very much the same morphology the maxima for rod and cone parts 
are about the same, and even the indication of a slight hump near 
7^ = 35 IS also apparent in all these curves, the slopes of the practi- 
cally rectilinear parts of the graphs are about 10 4 for E W , 12 0 for 



Fig 2 The relation between critical flash frequency F and critical intensity 
7 for human response to flicker Sohd arclets, F„ at fixed intensities 7, open 
circlets, Im at fixed F 

Upper curve, left eye of W J C , lower, left eye of E W {F scale at the right) 
The data shoivn are from homogeneous sets of measurements taken on a senes 
of successive days, after considerable practice Each plotted point is the mean 
of ten readings Total number of observations W J C , 1,220, E W , 880 

W J C ,and 12 — for E L S , the separation of the rod and cone curve 
inflection points is identical, 3 45 log umts m all three cases These 
facts, together vnth others subsequently discussed, show that the 
curves in Fig 2, obtained by the rotating cylinder method, represent 
the t)T>ical properties of the cntical flicker mechanism for human 
xnsual excitation 
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The corresponding curves for fishes' are very similar They cover 
about the same intensity range, but (espeaally with allowance for the 
effect of temperature') are on the whole situated at lower levels of 
mtensity, despite the fact that the signalhng response involves re 
action to the direction of movement of the stripes, a further element 
in this case is the fact that the whole reUna is exated by a field of 
unlimited extent The cone curves for various fishes are usually 
steeper The rod curve for fishes is of lower maximum F, and at a 
defimtely lower intensity as a whole Thus the extent of separation 
of the inflections in rod and m cone portions is definitely greater 
(about S log units) than in the human curves The latter fact is of 
special mterest for the analysis of the composite graph (section IV) 

in 

1 The variations in successive determinations of the flicker end 
pomt follow the general rules already obtained for motor reaction to 
photic flicker in lower animals ' The experiments were not specifically 
designed to examine all the properties of this comparison In a later 
connection we expect to do this more cntically, with apparatusdesigned 
for use with the human eye One difference in the nature of the data 
IS to be noted the properties of the scatter of h and of Fi were, m the 
latter cases, obtained from the values of h or Fi as averages of three 
measurements each on each of a set of mdividuals, the several mdivid- 
uals being demonstrated to be eqmvalent The reasons for this 
procedure have been desenbed * In the present mstance, P E i, and 
PE], are based upon a set of ten successive readings with one m 
dividual They therefore correspond to the “withm animal” vana 
tion which can be estabhshed as a mean value, by a vanance test 
procedure, m the earher senes with Atiax and fishes If our readings 
are averaged in groups of successive 3’s the means of these averages 
are correlated, consequently we cannot by this method obtain values 
of P E which escape the restnction of our present method The 
two human observers give F ~ log I curves which are less alike than 
those of two individuals in our sets olAnax or of fishes, hence the data 
cannot be averaged 

The factors mfluenang the capaaty to give vanation in response 
(j e , the vartabiltly'^) can probably be kept in a more uniform state, 

i‘ Crozier, 1929 
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from time to time during a penod of a month, in a carefully maintained 
set of the animals previQusly used than is possible with a human in- 
dividual The data show, however, that the relation of /m to P E 
(Fig 3) is of the same kind as appears in the former cases The curves 
for the 2 observers are the same, although the operators of the instru- 
ment were different Up to about log /„ = 1 the two are directly 
proportional, and the proportionality constant (with P E corrected 



Fig 3 The scatter of /i as a function of I„ Sohd arclets, W J C , open 
arclets, E W Up to log intensity = ca 15, and P E are directly propor- 
tional (slope on log grid = 1), see text 

for numbers) is about the same as with other organisms At still 
higher values of F the slope on a log grid becomes less The data on 
fishes show the same thing The human F -I curve cannot be pursued 
to higher intensities with our apparatus, but presumably it would 
then show a continuation of this effect For the two observers the 
course of the function is essentially the same The lower portion, 
with slope = I, gives P E = ca 5 4 per cent of I„, about one-half 

Cf also a subsequent paper on Trilurus 
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the value obtained with human visual intensive discnmination ” 
Where the slope becomes < 1 (about 0 76) the proportionality can be 
made direct by assuming a new origin (» e , adding a constant to /„ 
cf Crozier, 1935-36, Crozier, Wolf, and Zerrahn Wolf, 1936-37d) 
The change in the curve (Fig 3) shows that <r:„ rather than (rioji,, is 
the significant measure The vertical breadth of the inclusive band 
IS about 16 X P E i„ which when corrected for number of observa 
tions gives S 06-a number larger than that obtamed with fishes ” 
The vertical breadth of the band, a httle >06 log unit, is about the 
same as for human \nsual intensive discrimination'' and less than 
that found with auditory and tension etatation (These particular 
comparisons are merely intended to be suggestive the interesting 
problems concerning the experimentally determinable properties of 
PE/ and of P E pe., require data of greater homogeneity before it 
can be deaded if the proportionality between the two really has more 
than a simple and necessary statistical basis, the present mdication is 
that It has ) 

The variation m Fi is a slightly more complicated matter The 
between individual variation, with Aitax and with sunfisb, rises to a 
maximum at each inflection of the P — log 7 curve The mean 
wtihtn individual vanation also passes through a maximum, but at a 
definitely higher intensity Beyond F„ = about 70 per cent of F„„ , 
m each case,'’ the within mdividual vanation exceeds that between 
individuals This cunous result is also apparent m the data of geo 
tropic onentation by rats (Crozier and Pincus, 1939), which are m 
several senses comparable to the data of visual flicker, its real sig 
nificance is thus made more probable The present measurements of 
P E 1 , correspond to the mdices of withm animal vanation, and are 
on the whole lower than with the other orgamsms But they are 
comphcated by the fact that m successive sets of readings a given 
individual does not retam the degree of uniformity m vanabihty 
which IS assured in the experiments with Anax and sunfish The 
result IS that the scatter of P E i„ like that for P E i„ is absolutely 
and relatively larger in these human measurements The companson 

" Cf Crozier and Holway, 1937, Holway and Crozier, 1937 o, 5 

'•Crozier Wolf and Zerrahn Wolf, 1936-37 d 1937-38 a 

" Crozier Wolf and Zerrahn Wolf, 1936-37 c d 
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can be made by considering the behavior of the extracted mean vari- 
ation, in terms of or r, within animals, as calculated for the data^ on 
sunfish Each such value should carry with it a cr„ proportional to its 
own magnitude (although it is possible that the proportionality factor 
is a function of the level of light intensity), so that on a log o- scale the 
vertical scatter of a p should tend to be constant Fig 4 shows that 
the index of variation nses to a flat maximum in the neighborhood of 
log 1 = 55, and again at about log 7=10, and that at still higher 
intensities it again increases This agrees with the indications given 



Fig 4 P E ip, as a function of log I Sobd circlets, W J C , open, E W 
To facilitate companson, the plot for C has been moved 0 1 unit to the right 
and 0 25 units vertically on the log grid The vertical width of the band should 
tend to be statistically constant, if the same shift is appropriate for the two 
parts of the curves See text 

by cp' in the sunfish data, except that the terminal increase is greater 
The final increase corresponds with the increasing introduction of 
purely experimental errors [cj Crozier, Wolf, and Zerrahn-Wolf, 
1936-37a, h) when the highest values of F are involved, it also depends 
upon increasing difficulty m the judgment of a consistent end-point, 
particularly with this apparatus in which slight lack of verticahty m 
the cylinder holder tends to produce “ghost flickers ” The fact that 
P E r tends to increase, at the highest intensities, while the relative 
increase in P E 7 becomes less, indicates, in view of the otherwise close 
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interconnection of the two, that purely instruniental errors there 
play an increasingly larger part At the high end of each curve there 
IS found a greater scatter of the points (Fig 2), absolutely and rela- 
tively, although P E , increases relatively less rapidly, this indicates 
greater variation in the nature of the end point actually used, but 
consistency in its use within each set of readings 

2 The conception that, in the absence of too large a proportion of 
instrumental errors, the values of P E r, and P E are intimately 
related and are produced as a consequence of the basic vanabihty of 
the organism* gives nse to the prediction that the curves for Fw. vs I 
and for /„ iij F will not be identical If many measurements are made 
with one mdividual over a period of time, the two sets of determina 
tions should however intermmgle A test of the prediction with one 
animal can really be made, therefore, only by comparmg pairs of 
determmations of F„ and made in succession When single deter 
minations of F and J are made by a process of careful adjustment by 
continued small changes until a satisfactorj point has been achieved, 
the measurements then have, of course, the significance of mtemally 
averaged F„ and (Crozier, 1936), and the differences between them 
become more immediately obvious The expectation* is that if /„ is 
found at a given F, and then F„ is obtamed at this value of F„ will 
be larger than F and F„ — F will pass through a maximum at each 
region of inflection of the E — log / curve 

The pairs of determinations which are available for this test with 
our human data are plotted in Fig 5 They show that the expecta- 
tion is not contradicted by the present facts Consecutive values of 
7n, F„ show the expected differences, which separately measured pairs 
do not Since the adaptation of the eye might be in a steadier state 
when E„ is being measured, by companson with the condition uhen 
successive values of h are taken, it is dear that the data have really 
not been influenced by differences in the mean level of adaptation 

It IS therefore possible to state that the properties of P E / and of 
P E r are consistent with those observed with lower animals 

3 The nature of the vanation of h and of E, is such as to suggest 
rather definitely that it is the whole E — log / function which is ran 
domly fluctuating Whether its several parameters vary with time 
independently cannot be deaded The whole curve cannot be deter 
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mined "instantaneously ” But it is clear that in the low intensity 
part of the curve this kind of fluctuation is relatively more pronounced 
Other sets of our measurements (on W J C ) show that data secured 
at a different time may follow a curve, m the rod region, in part 
separated by +0 2 log unit from that shown in Fig 2 and rising to a 
slightly higher maximum Fluctuations of this sort have been ob- 
tained by other observers (cf Hecht and Smith, 1935-36) It is 
probable that at least part of this effect is due to fluctuation in the 
way in which the lower tail of the cone function is able to play a part 
in the response to flicker In one of the teleost species we have 



Fig 5 The difference (,F„ — F) between F and Fm at the value found for 
at F, in senes of this sort made m immediate succession, is positive Only in the 
regions of inflection of the F — log / curve does it rise above 1 0 Its scatter 
should be greatest licrc also, and (for other reasons see text) at tlie high end of 
the curve 

examined (Crozier, Wolf, and Zerrahn-Wolf, 1937-38fl) an analogous 
effect was noticed, in the human curve the degree of overlapping of 
the rod and cone contributions is more extensive (Fig 8), and the 
fluctuation in the rod part of the curve would be expected to be more 
pronounced 

It IS consistent mth this interpretation that considerable variation 
in /r, should be encountered at the intensity level deduced for the 
fading out of the influence of the rods upon Fc This is at about log 
7 = 28 The data in Fig 2, and other measurements, confirm this 
expectation It is probably significant that (Fig 3), as m our ex-peri- 
ence vnth fishes (Crozier, Wolf, and Zerrahn-Wolf, 1936-37t/, 1937- 
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38a), the “break” in the curve of log P E /, w log comes just 
beyond the point at which the declining rod curve stops 

IV 

The flicker response curves (r, log I) for fishes have been resolved 
into two additively component probability integrals, respectively the 
contributions made by rods and by cones to the determination of A 
The structure of the curves shows that beyond a certam intensity 
the effectiveness of the rods declines The diminishing contnbution 



Fig 6 F w log Z on. e. ptohabdity gcid Solid circlets, F* open orclets, 
the data of Fig 2, above F «= 18 For C “ 56 0, for W , 59 0 (The 

limits of horizontal scatter of the pomts agree with calculation on the basis of 
Fig 3 The extreme departures at the upper end of the C curve (3 8 per cent) 
are commented on m the text ) 

of rod function follows a reversed probability integral ^ Arthropods 
with large convex eyes give asymmetncal F, log I curves, the dis 
torted probability integral form of these curves has been shown to be 
due to the mechamcally disadvantageous location of the marginal 
ommatidia of the eye, reducmg their contnbution at lower intensities “ 
The data on human flicker fusion, in the cone part of the curve, are 
well described* by a probability integral The separation of the cen 
ters of the rod and the cone sections of the human flicker curves is 
relatively less on the log I axis than with the fishes, and the total rod 

« Crozier Wolf and Zerrahn Wolf 1937-38 b c 
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effect IS larger This bnngs it about that the overlapping of the zones 
of activity of rods and cones m human flicker recognition is more 
extensive, although with the fishes the decay curve for the rods is at a 
relatively higher intensity and more widely separated from the ascend- 
ing rod curve 



Fig 7 The lower parts of the curves of Fig 2 The probabihty integrals of 
Fig 6, for the cone portions, have been extrapolated to F — 0 The difference 
curx'e IS shown, dotted, its rising and falhng branches are each fitted by a prob- 
abihtj integral (Fig 8) 

The curv^es m Figs 6, 7, and 8 show that this analysis gives an 
adequate descnption of the human flicker response measurements 
The maxima Fr«r are found by trial the expenmental difficulties in 
the production of hiaher intensities, the effects of elare, and other 




W J CBOZIER, E WOLF, AND G 2ERRAHN WOLF 


219 


conditions make it impossible to complete tbe curves with this appa 
ratus There is verj small latitude mdecd, however, in the selection 
of F™, for a reasonably fittmg curve The test of a good fit is (1) 
that it obviously runs through the plotted points, (2) that it contnb 
utes adequately to the resolution of the composite graph, (3) that its 
parameters have the properties rationally expected of the standard 
deviation, maximum, and absassa of inflection of a probabihty integral 
of exatation elements The experiments with different kinds of 
orgamsms* ' show that these entena have been met fairly well 



Fig 8 The rising and descending portions of the rod contnbution curve ob- 
tained in Fig 7 are each described by a probabihty integral See Table I (The 
points are read from the curves m Fig 7 ) 

The cone parts are well fitted, down to ca F = 18 (Fig 6) The 
extension of the probabihty curve to the log / axis gives by difference 
the (dotted) curve attnbuted to rod activity in the discnrmnation of 
flicker (Fig 7) The ascending and the descending limbs of these 
curves are also well fitted by probability integrals (Fig 8) In our 
measurements with fishes the separations of rod and cone components 
of the curves are so great that the entrance of cone activity produces 
a distinct bump on the flat intermediate part of the graph This 
“anchonng point” for the extrapolation of the cone integral is not 
available in the human data It has been pointed out” that indiffer- 
ent orgamsms cases are to be expected in which the extent of over 

” Crozier, Wolf, and Zerrahn Wolf, 1936-37 d p 430 
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lapping of rod and cone curves vanes When overlapping is so com- 
plete as m Fig 7, a test of the resolution by extrapolation of the cone 
curve can be made by seeing if the uncorrected rod data follow a prob- 
ability integral Tests prove that they cannot be rectified on a 
probability gnd 

The curves for our two observers show the same kind of structure 
despite differences in the parameters of the rod and cone functions 
(Table I) The cone maximum and rod maximum differ independ- 
ently (as proved, also, in our experiments with fishes^®) But a higher 
maximum goes with a higher intensity (t') at the inflection point and 
larger proportionate spread of the underlying frequency distribution 
of effects as a function of log I This is also indicated by the data of 
other observers There is indicated throughout these comparisons a 


TABLE I 

Constants for the Flicker Response Curves of Figs 2 and 8, F As Percentage of F„,t 
vs Log I r — log I at Inflection of the Curve 


Parameter 

WJC 

EW 

Fmai , cones 

56 0 

59 0 

Ffux 1 rods 

11 6 

10 5 

r', cones 

1 48 

T 50 

t', rods 

5 00 

6 93 

r', dedbmng rod curve 

3 87 

3 61 

tr log I, cones 

1 14 

1 28 

cr log I, rods 

0 42 

0 40 

er log I, declining rod curve 

0 34 

0 35 


consistency with the expectations denved from the conception that 
the flicker response curve (F, log I) is essentially a probability in- 
tegral of which the parameters are determined by the structural 
organization of the particular individual *• The properties of these 
parameters as functions of genetic composition, age, ex-perimental 
treatments, and other factors, present numerous significant problems 

V 

SUMMARY 

Using the rotating stnped cydinder device previously employed for 
determination of the flicker response function vath lower animals, 

« Crozier, Wolf, and Zerrahn-Wolf, 1937, 1937-38 a 
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corresponding measurements have been made with human observers 
The curves based upon the relation between cntical flash frequency and 
cntical intensity for the signalhng of the recognition of flicker have the 
properties of human flicker fusion data as obtained by other methods 
They also have the quantitative properties of the flicker curves 
provided by the motor responses of insects and fishes to the seen 
movement of flashes This applies to the vanation found m repeated 
measurements as well as to the nature of the analytical function 
dcscnbmg the connection between flash frequency and intensity 
The data for human visual flicker and those for the responses of lower 
animals are therefore essentially homologous 
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I 

Data on reaction to visual flicker have been obtained with vanous 
animals Mean values of cntical illumination (/„) for response are 
secured at different frequencies of flashing (F), a fixed proportion of 
the flicker cycle being occupied by light, or, mean values of F„ as a 
function of illummation I The curves for /„ vs F and for F„ vs I 
are not identical when measurements are made with the same group 
of organisms (Crozier, 1935-36, Crozier, Wolf, and Zerrahn Wolf, 
1936-37 a, b) Such data give a startmg point for the theory of 
excitation by intermittent illumination, smce it is only the energy level 
for threshold response to flicker (or for marginal suppression of flicker, 
in some cases) which can really be measured directly and objectively 
The technique of the axperiments is applicable for a number of differ- 
ent kinds of animals,' however, and for a diversity of tests to which the 
theorj' of response to intermittent light should be subjected Among 
the variables to be exanuned are temperature,' area of exatable sur- 
face, and the proportion of hght time (h) to dark time (/ a) m a flicker 
cycle ' The properties of the F — / curve as related to these variables 
supply cntena which the theory of cxatation by flicker must satisfy 

‘ Cf Wolf 1933-34 Wolf and Zerrahn Wolf, 1935-36 Crozier, Wolf, and 
Zerrahn Wolf, 1936-37 a b 1937-38 a, and other forms not as yet systematically 
examined 

' Crozier, Wolf, and Zerrahn Wolf 1936-37 c, d 

® Crozier, Wolf and Zerrahn Wolf 1937-38 6, c 
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The view^ we have adopted for testing is that response to flicker 
depends upon sensory discrimination between the effects of flashes of 
light and the after effects in the intervals of no light A mean critical 
intensity has thus the dimensional properties of A in an intensity 
discriimnation measurement so arranged that I 2 — Ii — Ii — 0 = 
AI One important such property is quite apparent experimentally® 
since d Im = k d aij, this being the relationship uniformly encoun- 
tered for the minimal discrimmable intensity interval AI ® The 
mechanism of intensive discrirmnation leads to the expectation that 
for the case of marginal discrirmnation of flicker a lowermg of the 
temperature must lead to an increase of at given F, or lower Fm at 
fixed I, which is found * It is also to be expected that as h/iD is 
altered by increasing it from low values to high, the F ~ log I curve 
must move toward higher intensities, become m a general way less 
steep, and attain a lower maximum value oiF’’ If at fixed mtensities 
the area of the visual receptor surface is decreased, the curve should 
be shifted toward lower values of F ® Disregarding certain dif- 
ferences (concerning the behavior of Fmax), the effects of increasing 
tt/to, of decreasing retinal area, and of lowering the temperature 
should thus all produce the same general kind of change m the F — 
log I curve It is to be noted that from the standpoint of the simple 
theory that such data refer to the properties of the pnmary excitation 
process in the retina® these predictions, experimentally verified, are 
not mutually consistent, certain of them are definitely inconsistent 
with the present form of the photochemical interpretation of the data 
on response to flicker,® their net result is to indicate that the data of 
visual response depend immediately upon properties of the organism 

^ Crozier, 1935-36, 1936, Crozier, Wolf, and Zerrahn-Wolf, 1936-37 c,d 1 sig- 
mfies a mean value of an adjusted cntical intensity, cf Crozier and Holway, 1937 
® Crozier, 1935-36, 1936, Crozier, Wolf, and Zerrahn-Wolf, 1936-37 b, c, d, etc 
® Crozier, 1935-36, Crozier and Holway, 1937 

® Crozier, Wolf, and Zerrahn-Wolf, 1937-38 b, c The analysis of the data in 
the literature of human reactions to flicker is complicated by the fact that two dif- 
ferent procedures have been adopted in tests of the effect of modifying the ratio 
id to, vhich necessarily give two contrasting results since the nature of the test 
IS radically different in the two cases This is discussed in following papers 
® Cf Hecht, Shlaer, and Smith, 1935, Hecht and Smith, 1935-36 
®C/ Hecht, 1931, 1937 
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as a reacting system, rather than upon the nature of the mitial events 
of photoreception 

It has been proposed to consider that the cntical excitation at any 
level of r is the accumulated result of the action of a large number of 
“elements of exatation ” Such an element is defined m units propor- 
tional to dF/d log /„ " It IS not supposed that a given retinal umt of 
structure corresponds to one element, each receptor unit fluctuates in 
its capacity to contribute to the determination of the index response 
The origination of log frequency distnbutions of element thresholds is 
thus not difficult to understand Excitation up to the level of forced 
reaction to flicker will then be conceived to result from the summation 
of exatation units of this sort, and will be proportional to E A quan 
titative substantiation of this conception, in these terms, is provided 
by the fact that the mtegral of <r, vr log I has the properties of F and 
for each value of log / is directly proportional to F ” 

The curve of E — log / is therefore regarded as having the nature of a 
population curve — approximately a logistic, or better a probability 
mtegral” Such a curve desenbes the data in simple cases The 
standard deviation of the underlying frequency distribution is inde 
pendent of temperature” and of certain other variables, and in breed 
mg experiments involving an interspecific cross it gives further evi 
dence, of another kmd, that it possesses the qualities of a biologically 
significant invariant,” determined by the structural organization of 
the ammal considered An integral of this sort describing the magni 
tude of the total exatation accumulated from a population of exatable 
elements at the pomt of threshold reaction, as a function of intensity, 
mvolves no assumptions whatever as to the intimate mechanism of 
exatation m any smgle element or m the available population of retinal 
umts, further, it is not assumed that tlie elements of exatation, 

” The properties of AI, and thus* by inference the properties of / for response 
to flicker are independent of the nature of the peripheral sensory field Crozier 
and Holway, 1937 Upton and Crozier, 1936 

** Crozier, 1935-36 1936, 1937 and footnotes 2 and 3 

* Crozier, Wolf and Zerrahn Wolf, 1937-38 a 

1* Crozier, Wolf, and Zerrahn Wolf, 1936-37 6, c, d 1937-38 a b c Crozier, 
1937 

“Crozier, 1937, Crozier, Wolf and Zerrahn Wolf, 1937-38 o c 
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defined as a function of I, are even primarily an expression of peripheral 
receptor properties at all 

The eyes of certain arthropods present no obvious evidence that 
they contain the kind of structural complexity of the retina found in 
typical vertebrates The curves which they provide for excitation 
as a function of log I do not, however, follow the law of a simple 
logistic or probabihty integral “ The discrepancy (with tt/tn = 1) is 
m the nature of a systematic deficiency in F over lower values of I 
{Anax jumtcs, Apts) It was suggested^^ that at lower intensities 
certain ommatidia which rmght provide elements of excitation in the 
sense m which we have defined them are at a mechanical disadvantage 
in the reception of light Perhaps because certain ommatidia are at 
too great an angle to the hght, they do not receive sufiicient energy to 
enable them to take part in the process whereby flicker is reacted to 
under the condition that a sufficient magnitude of excitation for this 
purpose IS obtained from other units of the retina At much higher 
intensities (with higher values of F) the chance of these disadvantaged 
umts being successfully imphcated should be greater, and their effect 
accordingly perceptible Somewhat similar considerations apply 
to the interpretation of tests of visual acuity Consequently, a 
smtable experiment rmght show that blocking out certain regions of 
the eyes should obhterate, or tend to obliterate, the departure of the 
F — log Im curve from the expected integral form (with Il/Id ~ 1) 

A similar result would be expected from an increase of Il/Id m each 
flicker cycle Of course, the possibihty exists that certain umts m 
any or all parts of the retina may be inactive at low intensities Dol- 
ley and Wierda (1929) concluded that the central area of the retina of 
Enstahs is much more effective m phototropic exatation, according to 
DoUey and Hartwell (1936) the photic sensitivity of the ommatidia, 
as expressed by induced turning responses, is maximum at about the 
center of the eye, and is minimum at the posterior edge (c/ also Ludke, 
1935) 

The chief purpose of the present experiments was to examine the 
nature of the asymmetry of the Atta'i flicker curve, by means of tests 
m which different parts of the ej^e have been covered, rather than to 
estabhsh the relations between F, /, and area Human visual flicker 

Croaer, Wolf, and Zerrahn-TlW, 1936-37 b, c 

Cf Croaer, Wolf, and Zerrahn-Wolf, 1937-38 b 
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data show' that at fixed P an increase in area of retina exposed to 
stimulation results in a decrease of /„ This corresponds to the fact 
that for visual” intensity discnmmation and for intensive discrimina- 
tion m auditory'* and pressure’® excitation, 4 / at fixed h is an inverse 
function of sensory area exposed (m the flicker case, /i = 0 and 
I„ s A/) With the human data, the fundamental form of the f — /„ 
function IS not much if at all dependent upon area,' but with Anaxii is 
markedly affected 

Our interpretation of threshold or margmal response to flicker has 
been m terms of a kind of intensity discnmmation * The theory of 
this discnmmation calls for a proportionahty between and 
0-11, which (for a given sensory field) is independent of the extent of 
area exated and of certain other vanables ' If this conception of 
margmal recognition of flicker is adequate, /„ should be the same 
function of oi without respect to area of retina It should also be 
mdependent of the imputed distortion of the Anax F — I curve, 
provided only a smgle class of receptor units is concerned m the exata 
tion responsible for the mdex reaction With a typical vertebrate, 
the I — <j I curve is broken mto two portions, as is that for F vs 1 
(although not in exactly the same way), for visual mtensity discnmi 
nation data' it is not, smee m this case two real intensities (A and It) 
are bemg compared With area as vanant, the constancy of the rela 
tioa between /„ and ci is in the same status as that between A/„ and 
0-4 j,' the homology of I„ and AI„ is therefore emphasized 

n 

The plan of the expemnents was to obtain F — log /« curves for groups of ten 
Atiax nymphs m which various portions of the eye surface had been covered by 
an opaque enamel It turned out that small differences m the surface covered in 
different individuals designedly prepared in the same manner could be shown to 
be without significance Thus, as is mdicated subsequently (Text fig 3) the 
variation of Ii for given is the same in vanous groups with partially covered 
eyes as in the normal animals with eyes not pamted Probably this is in part 
due to the fact that small differences m number of ommatldia covered are really 
not significant In part it is also due to the fact that hght leakages occur through 
and around the edge of the opaque covering 

’'(y Abney and Watson, 19IG Steinhardt 1936-37 

'* Crozier and Holway 1937 Holway and Crozier 1938 

'“Wolf, 1932-33, Hecht and Wolf 1928-29 
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For blackening desired areas of the Aiiax eyes there was used, after trial of 
vanous things, a mixture of "Kodalak” with a small amount of a saturated solu- 
tion of white shellac in absolute ethyl alcohol The addition of the shellac in 
alcohol causes the paint to adhere better and to drj' faster, it must not run too 
freely It was apphed with a small camel’s hair brush The larvae were taken 
out of water, and the posterior part of the body, to the anterior legs, w-as WTapped 
in moist cheese cloth The eyes were thoroughly dried with absorbent cotton 
Painting was done under the binocular microscope, 12 5 magnification, with 
illumination by a microscope lamp Both eyes of a WTapped-up larva can be 
painted at one time This makes it easier to prepare the two eyes m approxi- 
mately the same way If more than one patch is to be apphed at one time on 
one eye, the first must dry before the second is apphed (this prevents spreading) 

After pamtmg the larvae were put for at least one-half or three-quarters of an 
hour m glass jars with a piece of slightly moistened paper towel When the paint 
was dry they were returned to water It frequently happens that the edges of 
the painted areas crack off Therefore, each individual was examined every day 
before measurements were undertaken, and breaks m the opaque eye-caps were 
repaired 

The lacquer does not injure the A»ax eye The opaque coverings can be 
broken off after several weeks, and the larvae then give normal flicker responses 
The covered regions at first show the retinal pigment in the “dark” position upon 
uncovering, but it quickly migrates in the light to the light adapted location 

Measurements were made at two flash frequencies on each day The procedure 
was that already described in our earlier papers ^ ® Three measurements were 
made of Ic, the cntical intensity of illumination, with each of the ten larva, the 
average of these three values of Ic = Ii The mean value of /i was recorded as 
In, PE/, was computed from the averages for the ten larvae in a given group 
This gives an estimate of the mtermdividual variation on a basis which is intended 
to reduce instrumental and other extraneous observational errors This is the 
method we have followed in previous papers ' - In the present data, however, 
the vanation of Ic wuthin individuals is practically the same over the whole range 
of intensities as the variation between individuals There is httle doubt that this 
IS due to the fact that in successive tests the orientation of a larva with respect to 
the revohung cyhnder^ is not identical, so that there arises the possibility of a 
vanable hght leakage around and through the edge of the opaque eye-cap This 
situation IS not involved when temperature^ or relative length of light intervaF 
is varied, and in those cases the mtermdividual vanation bulks larger 

A new and steadier magneto and a very much more sensitive v’^oltmeter for 
the regulation of F w ere substituted in our apparatus ^ This had no detectable 
effect upon the readmgs of 7, In some ten senes of measurements, however, 
made for vanous purposes, c/, is slightly but consistently lower at given I„ (or. 
In IS higher for gi\en <r/,) as compared with a senes made a year or more previ- 
ouslj at the same temperature^^ The “spread coeffiaent” of <r/„® however, is 
identical with that observed previouslj This, together with the fact that 
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no progressive change m <r/, is observable dunng a prolonged senes of observa 
tions, makes it impossible to assume that the slight change in the log ff/, vs log /* 
plot IS due to the observers It is more properly attnbuted to the use of animals 
from a different source It is shoA\*n in the data for normal larvae from these 
collections as ^\ell as for those v-ith partially covered eyes 

At vanous times additional determinations of were made for normal larvae 
at different levels of F, while the tests with partly covered eyes were in progress 
Thej agreed m a very satisfactory way with the values already obtamed^^ at 
21 5“ for Il/Id - 1 (Table I) 

Five groups of larvae were prepared m which different parts of the eye surface 
had been covered The preliminary expectation was that a central region of 
the ommatidial surface should be found most nearly to approach the ideal condi 
tion, — m other words, the F — / curve from this region might most closely ap- 
proach a symmetneal probabihty integral (1) The postenor half of the eye was 
covered, (2) the antenor half was covered (3) a median vertical stnpe on the eye 
was left uncov ered (4) a median vertical stnpe was pamted over, (5) a arcular 
patch on the postenor central portion of the eye surface was left free 

The behavior of the Anax nymphs prepared m these ways differed from that 
of normal larvae as regards their onentation with reference to the rotating stnped 
cylinder, and also m their movements constituting the threshold reactions to 
dicker This could be responsible for an impression of regional differences in 
* sensitivity' over the surface of the eye For example, if one exposes to flicker 
ing Lght having a flash frequency of 40/sec , (a) larvae with the postenor half of 
the eyes covered, response is obtained at log /• «= 3 43, (6) the antenor half 
of the eyes covered, at log i 22, (c) the vertical central stnpe of the eyes 
oivered reaction is apparent at log » 3.20 In terms of the maximum flicker 
frequency for each type of preparation log /..at 100 F/F« ■» 76 is for (o) 3 42, 
(6) I 25 (c) 1 25 The magnitudes of these differences, however, depend upon 
the level of F Text fig 1), and without further information would need to be 
interpreted in terms of the reactions exhibited by the several types of prepared 
larvae It should be added however, that measurements based upon the use of 
the ‘ catchmg” reaction of the labium give data, with normal larvae, which do 
not differ significantly from those based upon forced swimming movements 

(/) Posterior Half of Eyes Covered — ^Larvae face the stnped cyhnder Re 
action at the cntical illumination is not so sharp as with the whole eye func 
tionmg At the piomt of response, raising and lowenng movements occur due 
to contraction of leg flexors producing some bumping against the wall of the con 
tamer then swimmmg movements are begun, mostly in the direction of the 
motion of the stnpes but often m the opposite direction 

{2) Antenor Half of Eyes Covered — ^To obtain a response the larvae must be 
onented with their long axes parallel to the wall of the container Swimming 
occurs in the direction of motion of the stnpes The response is clear and sharp 
as with normal animals 

(J) Vertical Central Section of Eyes Uncovered — ^Larvae must be nearly or quite 
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parallel to the wall Response is m the form of swimming with the motion of 
the stnpes Onset of reaction is not so sharp as with the posterior half of the 
eye functiomng (2), but is sufficiently rehable as an index 

(4) Yerhcal Central Section of Eyes Covered — If the animals directly face the 
striped cyhnder, the response to flicker is as in (1), and the anterior ends bump 
the wall of the container If the larvae then turn, it is usually in the direction 
of the stripe motion When the animals are parallel to the cyhnder wall, re- 
sponse IS as with (2), and is precise 

(5) Central Area of Eyes Surface Open — The behavior is quite hke that de- 
scribed under (3), naturally enough, but, since the eiqiosed area is less the reac- 
tions are less abrupt 

Photographs of partially covered Anax eyes of the five types used are given in 
Figs 1-5 


m 

The data obtained with Anax nymphs having different portions of 
the eyes opaquely covered are set out in Table I Before and after 
these experiments, determinations were also made of at various 
flash frequencies with normal larvae These showed excellent agree- 
ment with the corresponding values of previously obtained* at the 
same temperature (21 5°) and with the same ratio of light time to dark 
time in the flicker cycle (fr/lj) — 1) Repetitions of determinations 
of Im for sets of Anax with the eyes partially covered in a particular 
way (cf Table I) do not give so close an agreement Since (a) different 
eyes cannot be prepared in exactly the same manner, and since (6) 
vanations must arise from differences in the successive initial orienta- 
tions of an individual with respect to the striped cyhnder, affecting 
leakage of light through the cap of enamel and around its edge, no 
such closeness of agreement could be expected 

The role of the sources of vanation in h just mentioned is clearly 
shown by the fact that w^hereas with normal larvae, except at high 
illuminations, the within-anunal vanation of the critical intensity 
IS less than that between animals,* m the covered eye senes this is 
not the case, here, the withm-animal and the between-animal vana- 
tions are the same, a fact w^hich gives significant evidence for tlie 
reahty of the meamng of the values of P E ci,) as we have 

computed them in our standard procedure mth normal larvae This 
property of the measurements is again exhibited, how'ever, in normal 
eye senes in w inch is vaned * The difference between the vana- 
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tion of 7, m sets with and without partial covenng of the eyes does not 
affect the relationship between /„ and o-,, Text fig 3) 

To give but one example of the findings of all five senes with eyes partially 
covered we may take set (1), m which the postenor half of the eye was pamted 
over Here the mean of the ten individual average rank order positions for 
I was 5 49 with P E I = 1 12 the manmum departure - 2 66 X P E i the ex 
treme numbers diffenng by 2 40 X P E ^ This is the situation encountered 
for fluctuation of individuals in our earher senes ’ There is no correlation 
between rank numbers in successive tests, however A variance test shows that 
the value of c for the 6ff/ieee«-animal differences is not significantly different 
from that unlhtn the readings obtained for each individual For normal larvae, 
except at the highest values of F,^ the hrfieee/i-animal variation is larger, as is 
also found with other organisms tested 

Thus the vanation in 7, is the same from one larva to another as between read 
mgs on a given larva The sources of vanation already noted (section Et) operate 
to obliterate the otherwise encountered individuabties of the several nymphs 

The curve for P E j, w 7„ is shghtly but consistently lower in the 
senes with partial eye covenng than in our earlier* normal senes at 
this temperature These new data, however, agree quantitatively 
with the values for normal animals from the same new lot (Text fig 
3) and with those from expenments with the same stock in which 
h/in was vaned ’ The difference must be attnbuted to a primary 
difference in the stocks of animals The new lot came from a different 
locality, but its care and treatment were the same There is no real 
evidence for assuming a progressive dnft with time (» e , due to expen- 
ence of the observers), similar differences between different lots of 
other organisms tested have also been observed 

Text fig 1 IS a plot of the data m Table I It is apparent that 
reduction of eye area results m a lowermg of the F — log T„ curve 
There is no apparent simple relationship to extent of functiomng area 
In addition to increasmg 7„ at fixed F, the shape of the curve is also 
altered This is easily seen when F is taken on a percentage scale 
(Text-fig 2) 

The relation of 7m to P E r, is the same for all five sets of tests mth 
partially covered eyes (Text fig 3) as for the normal larvae This is 
consistent with the intensity discmmnation conception of response to 
flicker On this basis,' 7„ corresponds to 7 in the relationship 
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/ j — /i = A/«, and 7i is zero, wc find* in all cases that P E = M7m 
and that k is not a function of area With regard to sharpness and 
definiteness of the response used as index of reaction to flicker there is 



Text Fig 2 Log F vs log hnt to show diSerences m the asymmetiicaX char 
acter of the F — log curves (Text 6g 1) produced by vanous partial cover 
mgs of the eyes The least distortion is apparent m cur. e 5 see text 

Sets (1) and (3) (Table I) are practically identical, as are also (2) and (4) 
(3) and (4) have therefore been omitted here 

no more indication of an effect upon than there is in the flicker 
response curve of normal larvae, for which the direct proportionality of 
O’/, to In IS identical over the whole working range of I although at 
higher mtensities the reaction is much more clean cut The new 
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experiments add the important fact that with modification of the 
exposed area of retma the character of the response may be modified 



Text-Fig 3 Log P E as a function of log The law of direct propor- 
tionahty with a slope of 1 is preser^^ed, despite the change of the F — Im curve 
produced by partial covering of the e 3 ’-es Moreover the proportionahty constant 
IS independent of the tiiie of e>e covenng, so that all the data taken together 
(Table I) form a band of statistically constant proportionate breadth (solid hues) 
An older senes of determinations on normal lanae of another lot (1935} gave a 
band of shghtlj higher position and of shghtly less mdth, but the difference in 
breadth is not statistically sigmficant 

both qualitatively and as to sharpness and amplitude, at the same level 
of I, without affecting the relation of to P E /, This in a sense 
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supplies the complement of experiments designed to measure mtensity 
discnmmation and visual acuitj with the eyes of arthropods* {Apis) 
when the independent variable is made the width of the alternately 
illuminated bars of a stnpe system mstead of time of exposure (as in a 
flicker experiment), the result is essentially identical in the tivo 
cases k' {I, + const ) t= A/„ = and k is independent of width 
(area) 

IV 

The relation of F to log I does not follow the law of a simple prob 
ability integral or population curve with the Anax nymph’ {cf Text- 
fig 6) For visual responses of vertebrates tested it does “ That 
this IS not due to some peculianty of our experimental procedure is 
shown by the fact that precisely similar departures from the simple 
rule are exhibited by data obtained with other arthropods, and by 
different procedures The common feature of these cases is found in 
the convexity and radial structure of the ommatidial surface Thus 
in observations upon reaction to flicker and m tests of visual acuity 
with the bee” a preasely similar discrepancy appears, and the depar 
ture from the simple population curve occurs at the same intensity m 
the two sets of measurements (Text fig 4) In acuity tests with the 
fiddler crab Uca (Clark, 1935-36) the same departure is seen (Text 

fig S) 

The thought arising in this connection is (Crozier, Wolf, and Zer 
rahn Wolf, 1936-37 b) that at lower values of / certain retinal elements 
ate unable, by virtue of their position or otherwise, to contnbute to 
the sensory effect resulting m margmal response to flicker With 
higher intensities this handicap does not obtam, so that, above a 
certain intensity, the full complement of retmal elements is available 
for excitation in responses involving the discnmmation of intensities 
Whether a given element is then actually involved at a certain moment 
IS governed in part by the state of its own vanable condition 

If the disadvantage of certain elements were to be due to the 
existence of an asymmetrical frequency distnbution of basic excitabih- 
ties, it might be expected that elevation of temperature, by bnngmg 
about an enhancement of the relative degree of dark adaptation m the 
photostationary state, should tend to obhterate the departure of the 
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Text-Fig 4 A population integral plot of data on F — log /« for the bee 
(sohd arclets), and for visual acuitj’- (F A ) data for the bee (open and partiallv 
shaded arclets) obtained by quite different procedures As u ith flicker measure- 

ments on Amx,^ there is a sharp discontinmt)’- at about F (or V A )/Fn=j (or 
V A ru:-) = 67-68 per cent (u ith Afiax, 74 per cent) The projection of tlie hnc 
fairly describing the upper portion of the data passes through tlie lowest point, 
as also witli 4;;a\ ^ The half-shaded circles refer to F A measurements” with 
bee’s e>es vertically dmded by an opaque co\cring, the form of the function is 
not espeaally affected 
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flicker data from a population curve A decrease m the proportion of 
flicker cycle tune occupied by light, honever, should accentuate the 
departure of F vs log /„ from a population integral if not enough light 
is being admitted during a flash to ommatidia in a disadvantageous 
position The latter effect is indeed obtamed ’’ The relation to 
temperature is such that (Text fig 6) there is no real indication what 



Text Fig S Data from measurements of visual acuity by Clark (1935-36) 
with the fiddler crab Uca show that for the convex eyes of this arthropod also 
the same type of population curve is obtained as in Text figs 4 and 7 
(VA^ - 46) 

ever that the presumed disadvantaged receptors have been put in a 
relatively more favorable state by raising the temperature, changmg 
the temperature from 12 4° to 27 3°C has merely decreased log by 
about 0 4 units at all values of F This is exactly the nature of the 
result when the temperature is altered with the sunfish ® The two 
results, taken together, sigmfy that some largely mechanical or struc 
tural condition limits the activity of certain ommatidia, rather than 
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that an intrinsically distorted frequency distribution of effective 
thresholds or excitabihties is responsible for the effect In the normal 
A7iax larvae {i, e , with unpainted eyes), certain ommatidia do not 
contribute at all to the determination of response until fairly high 
intensities are used The first derivative of the F — log curve is 





Text-Fig 6 100 F/Fmax vs log Im for normal Aitax larvae at three tempera- 
tures^ — 27 3°, 215°, 12 4° — on a probability gnd (Fmax for 12 4° = 611, 
for the others, 60 9) The form of the curve is not affected by temperature, 
for a given change of temperature log I„ is decreased by a constant amount at 
each ■value of F 

taken to give the frequency distnbution of log I thresholds for effective 
contnbutions WTien reduced to the same area (t e , to F fnax s 100 
per cent) the curve for larvae ivith eyes having only the central area 
exposed is the most nearly s}Tnmetncal Consequently the dis- 
advantaged units must be regarded as those situated near the periphery 
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of the optic surface The argument for regarding df/d log / as a 
frequency distnbution in terms of log I is derived (1) from the prob 
ability integral character of the F — log / curve and (2) from the 
properties of o-j, and of iti, as a function of log 7„ (cf Crozier, Wolf, 
and Zerrahn Wolf, 1937-38a) 

Even with only the central area of the eye exposed the graph (Text 
figs 1 and 7) IS not perfectly symmetrical This might be due in part to 
real and persisting regional differences in sensitivity within the small 
area concerned, although this is less than one fifth of the total ommati 
dial surface We do not consider this very probable, however It 
could also be suggested that the apparent residual asjmmetry might be 
due to the fact that the lower asymptote of the curve should not be 0, 
but a slightly larger number Although on this basis, assuming for 
example that Eii = 1 S, it is possible to secure a statistically satis 
factory fit” with a probability integral, we consider this explanation 
unlikely A more reasonable interpretation is to be found in the fact 
that the margins of the lacquer do not provide a perfect cut-off for 
hght, with higher intensities, effective light leakage, mvolving a 
slightly larger number of ommatidia, becomes increasingly potent 
This does not contradict the probabilit> that the central area of the 
eye is sensonally more effective than the peripheral edge, but it does 
not imply that the individual ommatidium differs markedly from one 
region of the eye surface to another, since m the central area they are 
smaller and more densely grouped ” This condition is consistent with 
the fact that the maximum F attained is only shghtly less with the 
central area alone than with the normal eye If it be assumed then, 
that hght leakage under and through the edge of the opaque covenng 
modifies the extent of the excitable area, it might be possible to correct 
for this (in the case of the centrally exposed eye) by smtable assump 
tion of an arbitrary ideal value of F'„„ for this area alone, the curve 
should then fit the lower portion of the F — log data, but there is 
no adequate test for this procedure 

It IS reasonable to suppose that at low values of F (and thus of I,) 

Satisfactory m the sense that the departures (u) at any point are not greater 
than P E i; or greater than 3 X P E,,„, the departures are systematic, nonethe 
less since the mean value of u/cr„ IS greater than 0 and its SD >1 

” Cf Baldus, 1926 del PortiUo 1936 
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Text-Fig 7 F/F^: , on a probabiht> gnd, for Anax larvae, normal and •with 
parts of the e>es co\ered For the normals, Fnar = 60 9, for (1), 53 9, (2), 
54 5, (5), 54 4 (As m Text-fig 2, (3} and (4) have been omitted, since they are 
practicallj identical -with (2) and (1) respecUvelj ) The departure from rec- 
tihneant> is least -with (5) 
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only a small number of retjnal elements require to be exated for the 
recognition of flicker The area from which they are to be obtained 
will be determined by (1) the amount and the location of the uncovered 
surface of the eye, and (2) by the posture of the animal in relation to 
the stnped cylinder Hence the curves for vanous types of partial 
covenng of the eyes all tend to run together at the lower end Larvae 
with the antenor half of the eye covered show an accentuation of the 
features of the normal curve m that the departure of the lower part 
from the ideal population curve is slightly greater and the upper part 
IS moved to higher intensities The presence of a vertical bar of 
lacquer has about the same effect, absolutely and relatively, as does 
the covenng of the antenor half (Text figs 1, 2, and 7) The asym 
metry is decreased by pamtmg out the postenor half of the eye, or to 
the same extent by allowmg only a vertical band in the center to be 
uncovered The asymmetry is least when only the central area is 
exposed (Text figs 1,2, and 7) Thus the chief reason for the departure 
from a simple population curve forf — log I„ is found m the activity 
of ommatidia around the edge of the eye The behavior of the F — 
log I„ curve clearly implies that the most deficient region of the normal 
eye, m flicker response at low intensities, is on the postenor part of 
the ommatidial surface 

Obviously, it is not completely demonstrated by these findmgs that 
the postenor retinal elements are intnnsically less imtable Part of 
the comphcation is due to the position assumed by a larva with refer 
ence to the stnped cyhnder in the situation provided by the procedure 
we employ If a technique could be applied adequate to disclose the 
Individual thresholds for flash exatation, a quite different picture of 
the spatial distnbution of ommatidial exatabihties might very well be 
obtamed 

We have been concerned specifically with the explanation of the 
special form of the F — log curve for Anax nymphs Thus we are 
not required at the moment to examine the question as to whether 
the “most sensitive” part of the eye as it might be revealed by onenta 
tion tests, or by electncal phenomena, or by determmations of photic 
thresholds, is necessarily the region predominantly contnbutmg to the 
flicker recogmtion process The qualitative indications, however, 
are that the central zone is the most effective The occurrence of 
similar properties in the curves of visual response obtained with other 
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arthropods supports the conception of a purely mechanical ongin of 
the "distortion” of the Anax flicker curves for which the results of 
partial covering of the eyes provide a consistent explanation In the 
normal eye, under our conditions, as F is made greater, a certam 
number of elements hitherto unconcerned m the determmation of the 
response begin to be involved, especially just beyond the inflection 
point of the F — log Im curve In larvae with anterior or postenor 
halves of the eyes covered the proporUon of the elements stimulated 
with comparative difficulty is greater, hence the asymmetry of the 
curve IS increased In those with a vertical opaque stripe over the 
center of the eye there is only a slight reduction of the asymmetry, 
easily explained by the posture assumed by these animals With the 
central stripe of the eye uncovered and the front and back regions 
opaqued, there is a considerable reduction of asymmetry Hence the 
periphery of the eye must be the region responsible for it, and espe- 
cially the posterior half Consequently it is not surprising to find 
that with the margm of the eye completely covered the asymmetry is 
least Were it possible to provide a ngid isolation of parts of the eye 
surface by applied coatings, the curve could presumably be made 
quite symmetncal 

The properties of as a function of Im show, since the relationship 
IS quite independent of the area or the region of the eye excited, that 
response to flicker is independent of the peripheral point of excitation 
and is governed by a uniform general mechanism This mechanism is 
of course dependent upon the primary penpheral excitation In 
terms of the probability integral formulation we may deduce from 
Text-figs 1 and 6 that F, as a measure of sensory effect, is in this case 
in part determined by the total receptor area exposed, in part by 
the native excitabihty of this area or part under the conditions of the 
test Accepting the probability curve as fundamentally correct 
despite mechanically produced distortion at lower intensities of illumi- 
nation, we may compare the regional excitabilities in terms of two 
parameters (c/ Crozier, 1937) (1) the standard deviations (criog /) of 
the presumptive underlying (percentage) frequency distnbutions of 
exatabihties in the elements connected with the several areas and (2) 
the values of log I„ = t' for which F/Fm^x = 50 per cent The 
second parameter should ehmmate the mere influence of total number 
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of elements as a factor in each area The values of ahez are practi 
cally the same for all the areas tested This agrees with the mdica 
tions of the visual acuity data on Apts, already ated The \ alues of 
t' inCTcase in the order (i) normals, (u) posterior half open, and central 
bar covered, (iii) central spot open, (iv) anterior half open, and central 
stripe open 

There is no indication here that individual excitation elements m 
different parts of the eye, as concerned in exatation hy flicker, exhibit 
marked differences in threshold or in capaaty to contnbute to the 
cntical degree of exatation If anything, the antenor half of the eye, 
in view of the posture involved (section Et), shows a slightly wider 
range of relative excitabihtics, but its higher t' is onlj a little greater 
than that for the central arclet on the eye Usmg t' as cntenon, the 
regional order of decreasing exatabihty for areas giving F„a, = 100 
per cent is posterior half, central region, antenor half 

The quantity t' is the homologue of the chronaxie t in an electrical 
excitation experiment (Crozier, 1937) In a voltage duration curve 
the reciprocal of the voltage V (or current) corresponds to and 7 to / 
We have seen reason to regard F as a proportionate measure of in 
tensity of sensory effect E, if time is not involved in the measurements, 
jB IS also measured by 1/F The parallehsm between the properties 
of the flicker curves and the phenomena of the strength duration 
curves is striking In tests of electncal exatabihty mvolving expen- 
mental treatment of the tissue it happens that an inaease of rheobase 
(Fo) IS frequently accompamed by a decrease of chronaxie, a result 
which has been regarded as perplexing In the present tests with 
flicker a reduction of F„ > is obtamed by reduang the area of retina, 
accompanied by an increase of t' Reduction of F„„ means an 
mcrease in the lower asymptotic level of 1/Fm , equivalent to an 
mcrease of Fo This is seen to be a consequence of the fact that the 
number of sensory elements open to stimulation has been reduced by 
elimmation of some of the more easily exated This clearly corre 
spends to the case when, for example, with a nerve the mter electrode 
distance is shortened, or when certain drugs are applied, or when the 
temperature is lowered, in the latter instance tzi,^, (like in the 
flicker experiments’) is not affected, but in the first two the fre 
quency distnbution of exatabiUties of elements is usually changed by 
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the procedure, so that triog » is increased The fact that in the flicker 
expenment o-jogr is not much changed by reduang area shows that 
the factor governmg accessibility to excitation is not a matter of in- 
tnnsic differences of irritability in different parts of the optic surface, 
the ommatidia of the normal Anax eye do not compose a frequency 
distribution of irritabilities with a spatially fixed pattern 

SUMMARY 

Arthropods with large convex eyes provide curves of critical illum- 
ination for response as a function of flicker frequency (or of visual 
acuity) which depart from the probabihty integral type characteris- 
tically found for jP — log / with vertebrates By means of experi- 
ments with Anax nymphs in which various parts of the eye have been 
opaqued it is shown that the special shape of the flicker curve is due 
to the mechanical disadvantage of the periphery of the eye in the 
reception of light, which is overcome by higher intensities It is not 
due to a fixed spatial pattern of intrinsic individual excitabilities of 
the ommatidia 

Reduction of retinal area decreases , and increases log I for 
F/F„ax — 50 per cent The direct proportionality of to P E u 
IS independent of area Certain relations of these facts to the theory 
of response to flicker have been discussed 
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rNTEODUCnON 

For many years the authors have been engaged m determining the 
composition of phases which occur in the system, globulm, salt, and 
water In this communication a new method is descnbed for apply 
mg Gibbs’ phase rule to the charactcnzation of the serum globulins 
as single proteins The method may be applied to a study of a system 
of any number of protein components It takes a small fraction of 
the time usually needed to carry out the expenments Expenence 
of our own and others has shown that the methods previously used 
fail to prove these globulms to be homogeneous substances The 
pnncipal difficulties found by other investigators have been overcome 
by keeping the protein to be studied in its onginal form in the medium 
in which it occurs 

It had been observed by several early workers that the amount of 
globulin remaining in solution after a defimte amount of salt had been 
added to its solution is dependent upon the concentration of the 
protein in the original mixture (1) There was, as they said, a frac- 
tionation taking place If one considered the protein as a single 
substance the phase rule did not apply, or considering Gibbs’ phase 
rule to hold with proteins, globulin was not a single substance (2) 

The application of this procedure has not only shown that the 
phase rule may be used to show that certain globulins are homogeneous 
substances but may also be used for a hke study of each protem com 
ponent 

• This work was aided by The Rockefeller Foundation Fluid Research Fund 
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EXPERIMENTAL 
Early Work 

In 1930 an attempt was made to indicate the general nature of the 
phase rule equihbna obtainable and reference may be made to the 
diagram then published (3) 

More detailed studies of portions of the phase rule diagrams for 
horse serum and rat serum are given in Figs 1 and 2 (4) 

Tter* cent 



Ttepcent 5 10 IS 20 25 30 35 40 45 50 

Pbtaosium citrate 

Fig 1 Horse serum 

© = total composition 
O = liquid phase 
A = solid phase 

The results are plotted as per cent by weight on Gibbs’ triangular 
phase rule diagrams Pure protein, pure salt, and water are to be 
found at the apeces of the tnangles Only a portion of the diagram 
is given as may be seen from the percentages along its sides 

A is considered the first fraction to appear as a solid phase on adding 
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potassium citrate, B is then preapitated on further addition, coming 
down in a very narrow range of salt concentration, and C is preapi 

Per cent 



Fig 2 Rat serum Composite curve from two pools of rat serum from 30 
rats each 

® • total composition, pool 1 
O - bquid phase ‘ ‘ 

A « total composition, ' 2 
A » hquid phase, * * 

tated gradually as the salt concentration becomes higher Finally 
D, an albumm fraction, appears in some serums* (Fig 2) 

* The experimental procedure used m these experiments was descnbed m a 
previous communication To weighed portions of dialyzed serum or protein 
solutions at pH 6 8, potassium atrate was added to make the desired salt concen 
tration The pH was mamtamed by added citnc aad The preapitated pro- 
tein was separated on filters and the hquid phase analyzed for protein and potas 
Slum All analyses were made on weighed samples — so the results are m per 
cent by weight All processes were earned out as rapidly as possible at 0°C 
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A clear illustration of the application of the phase rule may be seen 
in Figs 3 and 4 (4) One fraction after another has been salted out 
from the rat serum by increasing the potassium citrate concentration 
The curves of undiluted and diluted serum converge showing that 
the protein in solution is independent of its concentration in the 

Per cent 



© and ^ = total compositions, undiluted 
O and O = liquid phases, undiluted 
EB and A = total compositions, diluted 
□ and A = liquid phases, diluted 

mixture at high salt concentrations Enough solid phases are present 
to fix the concentration of the protein in solution 
Preliminary’^ experiments were made on globulin prepared from 
horse serum by the method desenbed by Svedberg A phase rule 
study \\as earned out with this substance, (NIii);SO<, and water 
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An early expcnment showed a definite solubihty of this glohuhn 
fraction in the same concentration of (NHi)jSOi regardless of the 
amount of protein m the mixture In this case the protein preapi 
tated from a solution of glohuhn was added to another portion of the 
original solution to make the concentrated solution (3) 

New experiments were tned under a variety of conditions m an 

Per cent 



effort to preserve globulin in its onginal form They differed from 
previous experiments since in all cases compansons were made be 
tween concentrated solutions and others diluted from them Horse 
serum globulin which had been preapitated by half saturation with 
(NH 4 )!SOj, washed repeatedly, repreapitated, and rewashed twice, 
was used for the concentrated solutions Figs 5 and 6 give illustra- 
tions of the data As may be observed in Fig 6 when the total 
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composition represents 10 5 per cent of protein and 14 8 per cent salt, 
the liquid phase separating contains 4 6 per cent protein When the 
total compositions on the same tie line show 8 4, 6 25, and 2 0 per 
cents protein respectively, the hquid phases contain 3 7, 2 9, and 1 05 

Per cent 



Fig S GlobuLn separated by ammonium sulfate 

© = total composition, concentrate 
O = bquid phase, concentrate 
A = total composition, diluted sample 1 

A = hquid phase, “ “ “ 

E = total composition, “ “ 2 

□ = liquid phase, “ “ “ 

per cents protein No matter what the conditions of the expenment 
(changes m temperature, etc ) the results were the same The obser- 
vations of earlier workers on the dependence of the solubility of 
globulin on the amount m the mixture under these conditions were 
corroborated An explanation of these apparently conflicting results 
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wiU appear in the discussion (The failure to understand these 
observations at the time led to a study of tlie whole salting out curve 
of a very fresh undiluted serum at 0®C , to make certain how many 
globuhn fractions were present m the native state ) 

Per cent 



Fig 6 Globulin separated by ammonium sulfate 

® » total composition, concentrate 
O “ liquid phase, concentrate 
▲ => total composition diluted sample 1 
A » liquid phase “ 

S » total composition, 2 

□ " hquid phase * 

^ » total oimposttion, diluted sample 3 
O “ hquid phase “ ‘ " 

Early experiments confirmed observations already made by Hardy 
(5) The fraction preapitated by saturation with NaCl proved to be 
extremely unstable, separating readily into a soluble fraction and a 



256 PHASE RULE STUDY OE PROTEINS OT BLOOD SERUM III 


highly pigmented msoluble one Ammonium sulfate seemed to have a 
deleterious effect on one of the globulin fractions In consequence, 
the method of precipitation with potassium citrate was developed 

The proportion of the total serum protein precipitated by 31 per 
cent citrate is sinnlar to that precipitated by half saturated (NH 4 ) 2 S 04 
solution (Fig 1) It IS obvious that there are at least two changes in 
direction with increasing salt concentration up to 31 per cent citrate, 
indicating three different fractions separating From a statement of 
the phase rule we could not expect to have a constant per cent of 
protein in solution when keeping the salt concentration and tempera- 
ture constant and varying the protein until there were three precipi- 
tated phases, or until the salt concentration was nearly 31 per cent of 
potassium atrate or half-saturated with (NH4}2S04 It was m such a 
part of the curve with (NH4)2S04 after nearly all globulin was removed 
from salt solution, that the point of constant solubility was found in 
our first experiments 

In the results with salting out of fraction “A” with potassium 
citrate, it was noted that the more of this fraction present, the lower 
the salt concentration at which it began to separate This fact sug- 
gested a definite solubihty A companson may be made with the 
albumin fraction “D” m Figs 3 and 4 It is evident that it does not 
begin to separate on addition of salt until its point of saturation is 
reached Of course, when the concentration of D is less a higher salt 
concentration is required for its first appearance on the salting-out 
curve 

Dunng some expenments carried out by Dr T Addis on the effect 
of diet on body proteins of rats, depletion of the proteins was produced 
by fasting and then restored by refeeding proteins The blood serum 
from these rats was studied On regeneration certain protein frac- 
tions were replaced before the others, one of these being a globulin 
fraction C In newborn calves Howe (6) had reported that the 
globulins were formed very quickly upon feeding colostrum We 
decided to study these fractions, particularly as it was observed that 
the globuhn of calf serum so rapidly formed was anisotropic and had a 
definite crA'staUine form Expenence had proved to us that certain 
fractions of globuhn are extremely unstable Therefore, it seemed 
essential, in so far as it was possible, to study them without removing 
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them from the onginal serum This idea -was carried out by dissolv- 
ing protein vhich had been precipitated from serum by a certain per 
cent of potassium citrate in another portion of the same serum and 
then companng the solubihty curves of the serum and the concentrate 
so made If the phase rule applies m its usual form and if only the 
first fraction, A, has been added, precipitation should begin at a lower 

Fep cent 



Fotaaoium citrate 

Fig 7 Newborn calf serum In Figs 7 and 8 
@ « total composition 
O “ liquid phase 

salt concentration in the concentrate than in the serum and the two 
curves should coincide beginning with the pomt of first preapitation 
of A in the serum The thermodynamical potential of the phases 
would not have been changed If A and B have been added the solu 
bihty curve of the latter part of B and subsequent fractions should 
coincide, but not that of A 
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A solubility curve with potassium citrate was made from the blood 
serum of a newborn calf Fig 7 shows that precipitation does not 
begin until 24 per cent citrate has been added The first two fractions 
to be precipitated from other serums, namely A and B, are not visible 
m this calf serum (See Howe ) 

Fig 8 illustrates the effect of feeding colostrum for 2 days to a new- 
born calf Since preapitation begins now at 19 per cent citrate it is 

Tfer cent 



evident that fraction B has been formed rapidly From the appear- 
ance of this curve the fraction up to 26 per cent citrate was provision- 
ally assumed to be a single protein 

A-ppltcalion of the Phase Rtile 

Another calf was fed colostrum for 2 days and its serum globulin 
studied In order to maintain the concentration of the other proteins 
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constant, unwashed globulin preapitated from 240 cc o£ serum at 26 
per cent citrate was added to the 100 cc of the onginal serum In 
this calf serum protein production had proceeded further and fraction 
A had appeared as seen in Fig 9 The curve is drawn to follow the 
direction of that in Fig 7 at 23-24 per cent citrate although the points 

Ifep cent 



Tbtaasiura citrate 
Fig 9 Colostrum fed calf serum 

© = total composition, serum with added globuhn 
O " liquid phase ** ' 

A “ total composition, serum unchanged 
A = liquid phase, “ ‘ 

are not close enough to determine the line It is now apparent that 
the break m the continuity of the line is between 23 and 24 per cent 
instead of at 26 per cent When the precipitate made at the latter 
salt concentration was added three fractions A, B, and C were added 
Theoretieally the curves should then coinade at about 24 per cent if 
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the proteins are homogeneous This actually took place If C had 
been fractionated by precipitation from the original serum, the more 
insoluble precipitated part should have displayed a different solubility 
from the original C and there would be a divergence up to 26 per cent 

Peu cent 



Fig 10 Colostrum fed calf serum 

A = total composition, concentrate I 
A - liquid phase, “ " 

© = total composition, unchanged serum 
O = liquid phase, 

or a different curve entirely along the line of C, unless after fractiona- 
tion the same equihbnum had been established 
Serum from another colostrum fed, 2^ day old calf was utilized m 
the next experiment The precipitate from 90 4 gm of serum at 24 1 5 
per cent potassium citrate dissolved m 100 cc of serum formed con- 
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centrate No 1 During dialysis of this solution and the onginal 
serum some dilution took place, unfortunately slightly more in the 
concentrate than in the serum The coincidence of the two salting 
out curves, compared in Fig 10 is obvious although not perfect 
There is an appreaahle divergence only m the part of the curves 
representing the preapitation of A and the first part of B Both A 
and B begin to precipitate at lower salt concentrations m the concen 
trate than in the serum There is no evidence whatsoever of anything 
like a proportionality between the protein in the onginal mixture and 
that remaimng m solution as may be seen from companng the points 
of total composition of the tn o senes Protein is preapitated from 
the concentrated solution until the concentration of the protein m the 
hquid separated from the preapitate is equal to that of the serum 
Here the two curves join Companng the curve made from concen 
trate I with that made from concentrate II (Fig 11) formed by 
dissolving protein precipitated from 224 5 gm of serum at 21 4 per 
cent potassium atrate in 60 cc of the same serum, the salting out 
curves are found to be m the mam part parallel although the protem 
content of the two concentrates is very different Concentrate I 
would contam unfractionated A and B if the assumption is correct 
that practically all of A and B have been preapitated at 24 IS per 
cent of atrate The preapitation of A undoubtedly overlaps that of 
B Since a greater volume of the serum was preapitated for concen 
trate II than for concentrate I, there is a greater concentration of A 
m the former Also at 21 4 per cent atrate only part of the fraction 
B has been preapitated and added to make concentrate H If a 
fractionation took place dunng the preapitation of B only the most 
insoluble fraction could have been added There is no proportionality 
between the per cents of protem m the mixtures and those in the solu 
tions The mixtures with higher per cents of total protem (concen 
trate H) give solutions with less per cents of protein at the same 
potassium atrate content This is because concentrate H is more 
dilute with respect to C and the fractions of protem preapitating at 
greater concentrations of citrate than is concentrate I The con 
vergence of the curves in Figs 9 and 10 at greater concentrations of 
potassium atrate than 24 per cent is evidence of this fact When the 
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concentrations of C were the same, the solubility curves of B coinaded 
(Fig 10) The solubility curve of A in the second concentrate is not 
well defined but probably falls sharply (Fig 11) 

Horse serum globulin was studied m the same manner as the calf 
serum globulin Potassium citrate was added to the serum to make 

Ter cent 



Ter cent 20 25 30 35 40 

Potassium citrate 

Fig 11 Colostrum fed calf serum 

A = total composition, concentrate I 
A = liquid phase, “ " 

© = total composition, “ II 

O = hquid phase. 

It 20 8 per cent citrate The prcapitated fraction, separating, was 
freed from the greater part of its adhering liquid by being pressed 
between filter paper It was then dissolved m serum to make two 
concentrates of different strengths (I and II) Citrate vas added to 
the above filtrate to bnng about a second precipitation at 23 5 per 
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cent atrate This second preapitated fraction was now partially 
dned with filter paper and added to small portions of the first filtrate 
to make concentrates III and IV 


TABLE I 



Frotda 

FoUuInm dUkte 


ptrttnl 

ptfctnl 

Concentrate I 

12 S 

7 33 

Concentrate n 

14 3 

8 50 

Concentrate HI 

9 95 

15 W 

Concentrate IV 

12 0 

16 6 


Per cent 



Fotdsaium citrate 

Fig 12 Horse serum 

© “ total composition, concentrate I 
O “ liquid ph^e, ‘ “ 

^ *=* total oimposition, 11 

O liquid phase ‘ 
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To several weighed portioDs of each of these four solutions potas- 
sium citrate and citric acid were added as usual at 0° and pH 6 8 and 
the filtrates from the precipitates analyzed From these analyses the 
curves in F igs 12 and 13 were constructed The curves have the same 
general nature as those from calf serum Those from concentrates 

Per cent 



Potassium citrate 

Fig 13 Horse serum 

ffl = total composition, concentrate III 

□ = liquid phase, “ “ 

A = total composition, “ IV 

A = liquid phase, “ “ 

I and II coincide at about 17 5 per cent citrate when both solutions 
are saturated mth respect to the third globulin fraction This 
fraction begins to separate at a lower salt concentration from the more 
concentrated protein solution The cursms of III and IV nearly 
coinade As this fraction is separated as a ciy stalline substance it 
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was more difficult to get the solubility curve before the fractions 
decomposed Although the coinadence of the hnes is not perfect 
there is no evidence of fractionation This fraction shows the char 
actenstics of a smgle homogeneous protem 

DISCUSSION 

The method described here is different from those used previously, 
in that the globuhn has not been removed from its onginal medium 
and has been in so far as is possible retained m its onginal state It 
may be that albumin or other substances normally present in the 
serum are necessary to prevent changes in the aggregation of the 
globuhns Only 3 to 4 days elapsed before all the preapitations were 
made, since the processes of punfication are eliminated A tempera 
ture of 0°C was maintained thus retarding denaturation The pH is 
withm the stable zone 

The curves in Figs 9, 10, 12, and 13 are those which were predicted 
by applying the phase rule to systems of several simple protein com 
ponents 

Then, in all probability, the pnnapal globuhn that preopitated 
between 19 per cent and 24 per cent potassium atrate from calf serum 
IS a homogeneous substance (either a single substance or a solid solu 
tion), a dispersion of particles of the same size, or an equihbnum 
system if made up of unit particles It could not be a dispersion of 
particles of different sizes by a stabilizing agent, nor a compound of 
varying composition such as vix ny In each of the latter cases there 
should not have been a parallehsm between the two curves plotted in 
Fig 11 nor a coincidence of the curves m Figs 9, 10, 12, and 13 unless 
indeed the fractions which might make up the protem had practically 
the same solubihty, which is unlikely With, for example, two com 
ponent parts of different solubihties we should have obtained a greater 
concentration of the more insoluble part in the higher concentrate 
(II) in Fig 11 Hence one of two different solubility curves would 
have been found, either a change in direction at about 21 per cent, if a 
senes of dispersed particles of varying sizes constituted the protein 
“B,” or a gradual divergence throughout the curve from 19 per cent 
to 24 per cent atrate if B were made up of a varying complex of 

HI* 111 
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It does not necessarily follow that other fractions of serum are 
homogeneous because this fraction has been found to be so In fact, 
there are indications that this fraction may be of a simpler nature 
than some of the others occurnng in serum 

Per cent 



Ifen cent 15 2 0 25 30 35 

Potassium citrate 

Fig 14 Horse serum Combination of Figs 12 and 13 
© — total composition, concentrate I 


O = liquid phase, “ “ 

^ = total composition, “ II 

O = bquid phase, “ “ 

la xss total composition, “ III 

O 3sr liquid phase, “ " 

A - total composition, “ IV 

A - bquid phase, " " 


The case for a sohd solution becomes very strong when the four 
curves m Fig 14 are compared The four curves do not coincide until 
the potassium citrate becomes about 26 per cent although the two 
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curves m each pair converge during the separation of the fraction from 
17 per cent to 26 per cent salt It may be that we have a solidus 
Itqutdus curve with a mimmum at 26 per cent salt when the descend- 
ing salt concentration is plotted against the composition at a constant 
temperature In such a case the curves m Fig 12 fall on one arm 
while those in Fig 13 fall on the other 
Since a sohd solution is a homogeneous substance we seem justified 
in calling the pnnapal globulin fractions, which have been considered 
in this paper, homogeneous 


CONCLUSIONS 

A method has been developed for applying the phase rule to systems 
of several protein components in serum 
The globuhn fractions which have been investigated appear to be 
homogeneous substances 

Throughout the duration of this borderline study of the application 
of the phase rule to a physiological problem, I have been indebted to 
Dr T Addis and Dr J W McBain for helpful criticism 
The calves for these experiments were kindly furnished by Mr 
H H Sorter of Tulare, Califorma 
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1 

INTRODnCnON 

Increase m the area of a visual field results in orderly decreases in 
the threshold for hght and color, the minimum separable and dis 
cnimnable, the fusion interval,* and the latent period of electncal 
response in the retina, optic nerve, and cortex Various of these 
relations have been observed m the conger eel, frog, rabbit, cat, and 
man • The variation of each of the properties ated with area may 
be represented graphically by a smooth curve convex to the ongm 
In every case the effect of increase m area is an improvement m 
visual performance 

It IS apparent that these phenomena reflect some basic retmal 
characteristic Recently this has been assumed to be the reflex 
interaction of disperse portions of the retinal surface Various area 
relations have been attributed to summation, inhibition, and in one 
sigmficant case to inhibition of summation (Graham and Gramt, 
1931) 

If it were true that just proximal to the layer of rods and cones 
the impulses from widely separated retinal areas converge on com 
mon paths (Gramt, 1932), then the exquisite image-fomung mecha 

* By this term is meant the reciprocal of the imnimum frequency at which an 
intermittent stimulus produces a ‘ fused ’ sensation 

* Investigations upon the visual threshold are referred to m the course of the 
paper Work upon other functions mdqdes minimum separable (Wertheim, 
1894) minimum discnmuiable (Auhert, 1865 p 86 Cohb and Moss, 1927) , fusion 
mterval (Gramt and Harper 1930), latent period of the electncal response m the 
retina and optic nerve of the conger eel and frog (Adnan and Matthews, 1927), 
in the retina of the cat (Gramt, 1933) in the cortex of the rabbit (Bartley, 1935) 
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msms of the eye, the correspondence of dimensions of retinal re- 
ceptors with the optimal visual acuity (Helmholtz, 1911), and the 
relatively intact spatial projection of the retina upon the cerebral 
cortex (Lashley, 1934) should be alike meaningless All these rela- 
tions mdicate a mosaic of relatively independent receptor-nerve 
units It IS the purpose of this paper to show that simple properties 
of a mosaic retina account cjuahtatively and quantitatively for the 
charactenstic vanation with field area of the visual threshold 

II 

Mcasiiremenis 

The threshold-area measurements reported m this paper were ob- 
tained in collaboration with Dr Charles Haig at the close of an inves- 


TABLE I 

{Effective Distance, Eye to Field, 385 mm ) 


Field diameter 

Auffular diameter 

Area 

Relative area 

nm 


jy mm 


1 184 

55 25' 

30 06 

1 00 

2 421 

r53' 

125 8 

4 18 

3 633 

, 2'’49' 

283 2 

9 42 

4 932 

3"50' 

521 6 

17 35 

6 367 

4‘’56' 

869 6 

28 93 


tigation of dark adaptation m vanous retinal areas (Hecht, Haig, and 
Wald, 1935-36) The same apparatus was used, and indeed the 
experiments shown m Figs 1 and 2 formed part of the latter research 
I am greatly indebted to Professor Hecht and Dr Haig for permission 
to use these data 

All of the ongmal measurements reported have been performed upon the 
author’s nght e>e The dark adaptation procedure has already been described 
(Hecht, Haig, and Wald, 1935-36) In examining the effect of area on threshold, 
the subject was first dark adapted for 30 minutes, and then exposed to arcular 
fields of x-anous dimensions, fixated by means of a small bnght "star” placed at 
x-anous distances aboxe the fields The threshold of each field was determined 
three times consecutneh Definition of the outhnes of the field xsas not required, 
the threshold response was the simple hmmal light sensation The field could 
be exposed at will bj raising a blind, and was opened for successive flashes of 
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about 1 second duration in the course o£ a measurement At times, at the end 
of a senes of readings, initial measurements were repeated to find whether changes 
had occurred dunng the expenment No significant change was ever detected 
Five fields were used, varying m relative area from I to 28 9, and m angular 
diameter from approximately 1® to 5 These approximate visual angles are used 
to charactenze the fields throughout the present paper Their accurate dimen 
sions are shown m Table I 
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Fig 1 Dark adaptation m fields fixated 15 above the fovea The thresholds 
for the 5® field are m miUiIamberts The remaining curves have been umformly 
displaced on the log threshold axis to emphasize their identity m form 


Hecht, Haig, and Wald have shown that in centrally fixated fields 
wider than 1°, the fall in threshold of the dark adapted eye with in 
crease in area is due pnmanly not to the change in area itself, but to 
variation in the rod cone composition of the fields This hetero 
geneity of the central retina is reflected in an orderly way in large 
changes in the form of the dark adaptation curves The latter, there- 
fore, offer a convenient index of vanations m the character of the re 
tinal population 
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Fig 2 Dark adaptation m fields fixated 25® above the fovea Thresholds as 
in Fig 1 


TABLE n 


(1) 

Number of measurements 

(2) 

Area 

(3) 

Average log threshold 

(4) 

Computed log threshold 

15° above fovea 


jj cm 

ml 

ml 

9 

0 301 

6 82 

6 81 

9 

1 258 

6 24 

6 28 

12 

2 832 

6 14 

6 14 

9 

5 216 

6 06 

6 05 

9 

8 696 

7 97 

7 97 


25° above fovea 


6 

0 301 

6 99 

6 98 

8 

1 258 

6 43 

6 43 

10 

2 832 

6 16 

6 21 

7 

5 216 

6 03 

I 6 06 

7 

8 696 

' 7 98 

7 94 
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In fields fixated 15° or 25° above the fovea, the shape of the dark 
adaptation curves remains unaltered as the field diameter is increased 
from 1° to 5° (figs 1 and 2) Apparently within these limits the 
elementary composition of the fields remams constant 
In these homogeneous regions of the retma pronounced effects of 
area on threshold are found At 15° above the fovea, increase m the 
field diameter from 1° to 5° lowers the threshold sevenfold, at 25° 
above the fovea, tenfold (Figs 3 and 4) The figures show the 
individual measurements Averages of these data are presented in 
Table II No attempt has been made to mdicate m the figures sev 
eral mstances m which identical threshold readings were obtained 
repeatedly, therefore they show the range, but not always the pre 
ase weight of the measurements 


in 

Analysts 

General Considerations — In any region of the retma the receptor 
umts — rods, cones, or summating clumps of rods or cones — form a 
population within which retmal properties are distnbuted in vanous 
ways Obviously the number of elements which possess a specific 
value of a property increases with the size of the field If the popu- 
lation IS homogeneous throughout the regions examined, this mcrease 
IS proportional, and curves descnbing the distnbution of the prop 
erty among the elements are multiples of one another, proportional 
m height to the field area This situation is presented schematically 
m Fig 5, m which for simphcity a linear form of distribution of a 
retmal property, *, is shown for a senes of areas 
Most types of visual measurement appear to mvolve not the 
entire population of the retmal field, but a comparatively small 
number of umts which are pecuharly susceptible to the stimulus 
Tentatively one may assume that a threshold response involves the 
activity of a fixed number of retinal elements Such an assumption 
appears in Fig 5 as a line drawn parallel to the absassae It cuts 
the distnbution curves for increasing areas m decreasmg values of 
the retmal vanable, x When values of x and area obtamed from 
such a diagram are plotted graphically, they assume preasely the 
general form of all the area relations 
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Several arbitrary steps wJhicb have appeared in this procedure are 
not essential Any t5^e of distribution of x among the elements 
does as well quahtatively as the linear form used in the diagram 
Moreover, the distributions may vary m form or increase dispropor- 
tionately with area Even the assumption of the partiapation of a 
constant number of elements in the measurements is unnecessary 



Fig 3 The area-threshold relation in fields fixated 15° above the fovea Field 
areas in SQuare centimeters, thresholds in miUilaniberts The points are indi- 
vidual measurements taken from three expenments The curve is theoretical, 
its equation is 0 33 log {A — 0 275) ^ ~ —5 72 

The qualitative decrease in x with mcrease in area follows from any law 
included between this one and the assumption that the number of 
elements entenng the measurements is proportional to the area of 
the field, which would appear in the diagram as a line parallel to the 
ordinates It is shown below that actually the threshold number of 
active elements, if it increases at aU, does so much more slouly than 

the field area 
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Ultunately, oalj the basic concept of the retina as a population of 
relativel} independent units is indispensable to the analysis With 
this accepted, the characteristic type of dependence of all retinal 
properties upon area follows inevitably 
Area and Threshold — Apphed specifically to the area threshold 
problem, these considerations reduce to two propositions, the first 
imphcit in the homogeneity of the retinal areas exammed, the second 
a reasonable assumption concemmg the threshold 



60 65 50 

Log ttipeshold 


Fig 4 The threshold area relation m fields 25® above the fovea Units as 
m Fig 3 The points are from two cxpemnents The curve is theoreUcal its 
equation is 0 54 log {A ~ 0 20) + log I — —5 56 

1 Throughout all portions of a homogeneous retmal region the 
percentage of elements which possess a specific intensity threshold is 
the same In a senes of fields of vanous sizes located within such a 
region, the number of elements of fixed threshold is directly propor 
tional to the field area The mtegral distnbuUon curves for such 
fields are therefore simple multiples of one another This is the 
situation shown m Fig 5 and obtaimng in the present expenments 
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2 A due to the significance of the threshold was furnished by a 
subjective observation noted consistently throughout these espen- 
ments Thresholds were always measured to the liminai light sensa- 
tion, regardless of definition of the field Nevertheless, when this 
limen is attained m a 1° field, its boundaries are shaiply defined 
At the threshold of a 2° field, its boundanes have become hazy This 



jRetinai property-X 

Fig 5 The mechanism of vanation of a retinal property, x, with field area 
The heavy Imes are hypothetical integral distributions of the property m a senes 
of areas, A to 5 4 As the area increases, a constant threshold number of elements 
respond at deaeasing values of the property, xi to vj 

dissipation of the sensation mcreases rapidly with further increase in 
area Finally, m 5° fields no spatial impression at all remains, but 
merely a formless sensation of hght flashing on and off as the blind 
IS raised and let fall 

If the threshold corresponded with the excitation of a constant 
dotsity of retinal elements, all fields should have been equally veil 
defined The actual responses are as though at the threshold a 
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number of elements is active, sufficient to define a small field but too 
small to resolve a large one This number, if it mcreases at all, 
does so much more slowly than the area We shall assume that it 
remains constant for all the fields thal th'e tltreshold corresponds to the 
stimulation oj a constant number of elements 
This assumption does not imply reflex interaction among the 
threshold elements The formal conditions of the analysis are ful 
filled if the threshold number is taken to be 1 Since m the present 
expenments the form of the smallest field is resolved, more than a 
smgle element must respond at these thresholds But this very 
observation demonstrates that this is not a case of spatial summation, 
of convergence upon a final common path For a summatmg group 
of elements must behave as a umt, and therefore cannot resolve an 
image ’ Certainly some integration of responses from the individual 
elements which enter the threshold is impbed That this is probably 
central is shown by expenments upon the bmocular threshold, which 
most mvestigators have found to be lower than the monocular (Piper, 
1903 0 , Roelofs and Zeeman, 1914, Shaad, 1934) In forming the 
bmocular threshold, impulses from the single retinas must reach the 
centres, yet fail to ebcit a sensation It seems reasonable to suppose 
that these sublimmal reactions consist of impulses from fewer than 
the constant threshold number of elements ‘ 

Derivation of the Threshold Distribution —Though any type of func 
tion for the distnbution of thresholds yields the correct quahtative 
area threshold relation, for a quantitative descnption of the phe 
nomenon a “true” distnbution is needed With the use of the 
constant threshold number assumption the requisite portions of this 
may be denved directly from the data 
The following procedure yields the threshold distnbution m the t° 

* KBaig (1897) has shown that at the threshold of a large unfiiated field the 
human eye can resolve a nununum separable of about 25 mmutes j e , that active 
elements are about Oil mm apart on the retmal surface 

‘ I beheve Beitel s experiments (1934) to provide another example of this phe 
nomenon Beitel found that two adjacent subhminal test patches may evoke 
the Timm al response when applied simultaneously He concluded this to be an 
example of spatial summation I should prefer to assume that each patch stimu 
lated fewer than the threshold number of elements, both together just this 
number 
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field, 25® above the fovea At log I = 6 99, the constant threshold 
number of elements, nt, is active in this field of relative area, 1 00 
At logi = 6 43, lit elements operate m the 2® field of relative area, 
4 IS, therefore at this intensity nt/4 18 elements are active in the 
1® field At log I = 6 16, lu elements are stimulated m the 3® field 
of relative area, 9 42, therefore at the same intensity ih/9 42 elements 



70 50 50 4.0 


Log intensity 


Fig 6 Graphic analysis of the threshold-area relation, 25° above the fovea 
The open ardes were calculated from the averaged data of Table 11 as descnbcd 

in the text The distribution curves conform to the equation, 6 54 log 

+ logI - —5 20 The constant threshold number line cuts them in theoretical 
thresholds for the vanous areas 


are active in the 1° field By completing this process five points are 
obtamed on the distnbution curve which relates the illumination to 
the relative number of active elements in the 1° field The distnbu- 
tions m the larger fields are simple multiples of this, proportional to 

area 

The points obtamed in this way for the 1° field, 25 above the 
fovea, are plotted m Fig 6 The curve drawn through them is 
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theorebcal, and is descnbed below The data for fields 15° above 
the fovea jield similar results It is apparent that the points them- 
selves adequately complete a quanbtabve analysis This may be 
recapitulated (1) Using the constant threshold number assump 
bon, the relevant porbon of the threshold distribution m one area 
IS obtained from the area threshold data (2) The distnbubons for 
other areas are simple multiples of this (3) The mtercepts of these 
distnbutions with the constant threshold number hne at n, regenerate 
the onginal data 

Derivation of an Area Equation — K general equabon for the type 
of distnbubon derived in the preceding secbon would be very useful, 
smce from it a rational formula for the area threshold relabon might 
be obtained The points derived m the previous secbon describe 
correctly the beginmngs of the distnbution funcbon Obviously it 
must end by becoming parallel to the abscissa, when the total number 
of elements m the area becomes acbve The complete funcbon is, 
therefore, sigmoid m form, when threshold is plotted logarithmically 
Hecht (1928-29) has concluded from quite independent evidence 
that the distnbubon of log threshold mtensity is sigmoid 

A number of formulae for sigmoid curves have been apphed in the 
present analysis with varymg degrees of success All of them yield 
roughly the nght type of answer This is mevitable, for even so 
naive a diagram as Fig 5 does so The equabon of the hues in Fig 5 
IS » = iAI, in which n is the number of acbve elements. A, area, 
I = X = mtensity and h is a proportionality constant If n is held 
constant to the threshold value «i,the equabon becomes AI = nt/k = 
constant This relabon is fatmhar as “Ricch’s law” (1877), it is m 
exact but encouragingly close to a correct solubon 

One expression has been peculiarly successful m descnbmg the pres 
ent and related data I shall derive this by two methods with qmte 
different, though not mutually exclusive, imphcabons 

1 Hecht (1928-29) has based the form of the threshold distnbu- 
tion upon the photochemical steady state The equabon for this 
may be wntten (Hecht, 1934-35) 

I" 


Ri- 


ta — x)i 
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m wluch I = intensity, x — concentration of photoproducts, a = 
majamum value of x, and K, p, and q axe constants Rewritten in 
the form of a threshold distribution this becomes 


(A — «)«/ = ftP/K, 

in which A, n, and 7 are respectively the field area, number of active 
elements (really the “active area”), and intensity If ii is held con- 
stant to the threshold value this reduces to 


(A — «()»/ = n^K = constant, 


( 1 ) 


the desired area-threshold relation 
2 The second derivation assumes no mechanism, and possesses the 
advantage of being sufficiently general to be applied to other area 
phenomena in addition to the threshold It is based upon Verhulst's 
so called logistic formula (1838), a symmetrical sigmoid function 
This IS of the form 

_ K 
^ “ 1 

in which y and a: are variables, K is the maximal value of y, and C 
and in are constants As a threshold distnbution this may be wntten 

_ A 

(a) ” ~ 1 + 

This IS exactly equivalent to Hecht’s photochemical steady state 
equation for the case p — q — 1/0 4343;« 

(j,) = A ~ n 

(c) log ttC — 0 4343m Jog I = log (A — n) 

If 1 JO 4343m is set equal to a new constant, k, this becomes 
k log (A — ts) + log I k log nC 
men n is held constant to the threshold value nt, 
k log (A - «t) -4- log / == A log r,C = constant, 


( 3 ) 
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or, removing the loganthmic notation, 

(A — n,)*l — constant (4) 


This IS an area threshold equation identical with (1) Written as 
in (3) it IS the equation of a straight line of slope k and intercept 
k log niC In this form it may readil> be tested with the data 
With A expressed in square centimeters, if «i is set equal to 0 275 
for fields 15°, and 020 for those 25° above the fovea, the straight hnes 
of Fig 7 result Their slopes and intercepts, substituted in equations 
(3) and (4), yield the foUowmg completed area threshold equations 


15* above fovea 


25* above fovea 


'O 33 log U - 0 275) + log / « ~5 72 
or 

{A - 0275)*“/ =■ IPX 10-< 

’0 54 log U - 0^0) + log ; - -5 56 
or 

U - 0^0)«*J 2 75 X icr* 


(S) 


From these equations the curves of Figs 3 and 4 have been com 
puted It is dear that they descnbe correctly the course of the indi- 
vidual measurements The equations have been used also to com 
pute theoretical values of lag threshold for the areas investigated 
These are shown m column 4 ofTable II, they agree very doselywith 
the experimental averages 

By substituting the appropnate values of k and C into equation (2), 
and allowing » to vary while A is held constant, the theoretical 
threshold distnbutions may be computed In this wa> the distnbu 
tion curves of Fig 6 were obtamed The curve for the 1° field fits 
the points denved by direct analysis of the data. The senes of curves 
IS cut by the appropnate constant threshold number hne in theoret- 
ical values of log threshold, corresponding with those computed arith 
metically from the equations and shown m Table II 

Piper (1903 b) first proposed for penpheral fields the empincal 
expression, \/Z / = constant Henius (1909) and Fujita (1909), 
working in the same laboratory, showed this to hold roughly in fields 
1° to 10° in diameter, and beyond these himts not at all An equiva 
lent expression, proposing reaproaty of field diameter and threshold. 
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has been shown by Pieron (1920 a, b) to hold m neither small penph- 
eral nor foveal fields 



Fig 7 Linear graph of the threshold-area relation, IS" (open circles) and 25° 
(closed aides) above the fovea Areas in square centimeters, thresholds in milh- 
lamberts 

The present analysis has led to the general expression {A - niY 
I = constant When the threshold number of elements, nt, is a small 
fraction of the total number m the \nsual field, A, the term {A - «<) 
approaches ^ as its hmiting value This condition is fulfilled in 
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quite small fovcal fields, in which the concentrabon of receptor 
units — presumably individual cones — is very high It should ob 
tain only in much larger penpheral fields, since in the periphery 
the rebnal elements are comparabvely large summabng clumps of 
rods In both cases the threshold area equabon reduces to the sim 
pie form, I — constant * 

If, with n, a small fraction of A, k chance to take the value OJ, the 
equabon becomes s/A I = constant, or Piper’s rule This is a rough 
appronmabon to the present solubon, in which k is found to equal 
0 33 and 0 Si in tivo penpheral regions 

rv 

Fovcal (Cone) Thresholds 

A number of invesbgators have measured the area threshold rela 
bon in small fields, centrally fixated When the diameters of the 
fields do not exceed 1 3°, they may be assumed to fall wholly within 
the fovea and to stimulate a relabvely homogeneous populabon of 
cones The analysis proposed here should be directly apphcable to 
such data 

Experiments of Abney (1897) and PiSron (1920 b) have been ex- 
amined In both cases the direct plot of log area agamst log threshold 
yields straight Imes This relabon was discovered empincally by 
Abney Apparently the threshold number of elements, is a negh 
gible fracbon of the total populations of these fields 

The data of Abney obtamed with test illummabons of wave length 
527 mp are shown m Fig 8 Their equabon is 0 85 log A ■)- log I ^ 
0 49 Data obtamed at other wave lengths are described by similar 
expressions, diffenng only m the terminal constant Pieron’s data 
agree reasonably well with the equation, 0 # 1 ? fog + log I = —4A7 
The vanation m terminal constants here is due to the use of different 
umts of area and intensity The slope constants are independent 

‘ This expression was discovered empincally by Abney (1897) Its bmitations in 
small fields (under 1 8 diameter) have been defined by Abney and tVatson (1916) 
withm the fovea or m monochromabc red bght — both conditions for stimulatmg 
cones — the rule holds m fields of other colors outside the fovea it fails These 
restnctions agree sensibly with our theoretical expectations 
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of these units and agree well with each other Both equations may 
be combined m the form A° = constant 
Riccb (1877) and again Charpentier (1882) proposed for foveal 
fields the empirical rule, AI ~ constant This expression states that 
the liminal foveal response is evoked by a constant flux of hght, re- 
gardless of its spatial dispersion The simphcity of this rule has 
preserved it in spite of repeated demonstrations of its failure to 
descnbe accurate data (Aubert, 1865, Abney, 1897, Abney and Wat- 


<L) 

bo 

o 


i 2 3 

Log threshold 

Fig 8 Foveal thresholds to light of wave length 527 mii, as a function of field 
area Data of Abney (1897) 

son, 1916, Pieron, 1920 b) “Ricco’s law” is still widely accepted as 
a basis for theoretical discussion 

With lit a small fraction of A, if ^ chance to assume the value 1, 
the general expression (A - n,Y I = constant reduces to A J = con- 
stant, or Ricco's law The accurate values of k in the two sets of data 
we have analyzed are 0 85 and 0 88 In other cases the> may fall 
below 0 5 (data of Watson, in Abney and Watson, 1916) No basis 
exists, therefore, for the acceptance either of Ricco’s rule or of its 
imphcation of perfect spatial summation in the fovea (Creed, 1931, 

Houstoun, 1932) 
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DISCUSSION 

The quantitative development of the present area threshold anal- 
ysis rests upon the assumption that at the threshold a constant num- 
ber of elements respond This is probably approximately true for a 
wide range of areas It may be expected to fail both m very small and 
very large fields 

Very small fields reqmre fairly intense hght to sbmulate them This 
probably exates certain of their elements to respond at well above 
their hminal frequenaes The threshold in such cases is likely to 
correspond more nearly to a constant over all frequency of response 
than to a constant number of active elements The threshold num 
her of elements may be expected to decrease, as the frequency of 
response of mdividual elements rises In the extreme case, it is 
likely that any single element, respondmg at sufiiciently high fre 
quencies, may exate the limmal sensation 

A more fundamental consideration, however, is the fact that the 
present analysis as a whole applies only to populations of elements 
suffiaently large to permit statistical treatment It states nothmg, 
therefore, about the behavior either of smgle elements or of very 
small fields 

In very large fields the threshold number of elements may be ex- 
pected eventually to rise, due to the difficulty of distinguishmg a 
very low density of active elements agamst the persistent background 
of visual “EtgenltclU " 

The quantitative treatment, therefore, rests admittedly upon a 
reasonable approximation It y lelds the threshold area equation, 
(A — »,)‘ ^ = constant, which descnbes the available data accurately, 
and IS the general form of previous empmcal formulaeforthis function 
Whether the quantitative theory is finally to be regarded as entirely 
rational, or as a rational approach to a correct empmcal solution, 
IS of little present importance 

Throughout tins mvestigation area phenomena have been assumed 
to originate m penpheral structures Smce the mosaic character of 
the retina appears to be transmitted relatively intact as far as the 
ocapital cortex (Lashley, 1934), this pomt of view is unimportant 
It IS probable that area relations amenable to the present type of anal 
ysis occur at all levels of the visual pathways 
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SUMMARY 

1 The variation of threshold with field area was measured in 
fields homogeneous in rod-cone composition At 15° above the fovea, 
an increase in field diameter from 1° to 5° reduces the threshold 
sevenfold, at 25° above the fovea tenfold 

2 These changes are shown to follow quahtatively from simple 
statistical properties of the retinal mosaic Analytic treatment leads 
to the expression, {A — iitY / = C, in which A = area, = constant 
threshold number of elements, I = threshold intensity, and k and C 
are constants This equation descnbes the available data accurately, 
and IS the general form of previous empirical area-threshold formulae 
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STUDIES ON ENZYMATIC HISTOCHEMISTRY 
XXY A Micuo Method for the Determination of Choline 
Esterase and the Acttvity-pH Relationship of 
This Enzyme* 

By DAVID CLICK" 

(From iht Carlsherg Laboratory Copenhagen) 

(Accepted for publication, October 21, 1937) 

Within recent years a great deal of interest has been aroused 
concerning the enzyme hydrolyzmg chohne esters because of its 
relation to the metabohsm of acetyl chohne Up to the present tune 
there has been no adequate quantitative method for the determina- 
tion of this enzyme in minute amounts of material, a determination 
particularly valuable for investigations of the enzyme in microtome 
sections of fresh frozen tissue for correlation of the activity vnth the 
histological structure of the tissue m question The procedure to be 
described was based on the pnnaplc of the micro method developed 
for estimation of esterases hydrolyzmg esters of simple alcohols (1) 
The sensitivity of the method is such that sphtting can be measured 
down to the eqmvalent of the hberapon of 0 20 c mm n/20 acid, 
correspondmg to 1 X 10"* mol of ester, or 1 Sly of acetyl chohne 
chloride 

The pH range withm which digestions may proceed in the method 
employed is limited, hence it is necessarj^ to ascertam beforehand 
whether this range of pH coincides with the region of maximum 
activity of the enzyme Previously it had been shown that maximum 
activity in human serum occurred at a pH of 8 4-8 5 (2) In order to 
determine whether this optimum holds as well for the enzyme from 
different sources, and also because of the fact that the data would 

* This paper also belongs to the senes of investigations by the author and 
coworkers as Studies m histochemistry XIII, * the precedmg papers of which 
have appeared chiefly m the Journal of Biological Chemistry 

** Fellow of The Rockefeller Foundation 
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be of value m other connections, studies of the activity-pH relation- 
ships were undertaken for the enzyme from horse serum, gastric 
mucosa of the pig, and cat brain 



Fig 1 AcUvit>'-pH curve for choline esterase in pig’s gastnc mucosa 


The Actmty-pH Relalionshtps 

The method used for the purpose of m\estigating the activity-pH relation- 
ships vras the continuous electrometnc titration procedure employing a glass elec- 
trode in the manner previous!} descnbed (2) The advantages of this method, 
which eliminates the effects of buffer, indicators, etc , have already been discussed 
(2) For the study at hand, mechanical stimng was emp!o>ed, and a burette 
graduated m 0 01 ml divisions was used for titration, the quantit} of all ali added 
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bcmg measured on the burette rather than b> counting the number of drops 
dehvered Measurements were made at 25* and the reaction mature consisted 
of 20 ml of 0 2 per cent acetyl dioUne chloride plus 1 ml of enzyme preparation 
or 0^ ml serum In the case of dog stomach mucosa and cat brain the prepara 
tion was made by extracting 100 gm of finely ground tissue with 300 of 30 
per cent glycerol at 0* for 10 days, and subsequently filtenng through paper 
The results are given in Figs 1-3 and it may be seen that the optimum occura 
at a pH of 8 5 m every case 


C 



Fig 2 Activity pH curve for cholme esterase in horse serum 


The Micro Method for the Eshmaiton of Cholme LsUrase 

In the micro method for determination of esterases splitting esters of simple 
alcohols to which reference has already been made a glycine NaOH buffer 
having a pH of 8 7 was employed, the enzyme activity was halted at the end of 
the reaction penod by a phenol solution and the titration was fin ally earned out 
to an end pomt of pH 6 5 with brom thymol blue indicator 

From the curves m Figs 1-3 it is apparent that at the pH of optimum activity 
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the non-enzymatic hydrolysis begins to assume relatively large values In order 
to immmize this effect without deviating greatly from tlie conditions for optimum 
activity, It was decided to employ a pH of 8 0 However, at this pH the gl} cine 
buffer approaches the lower hmit of its buffering range, hence the veronal buffer 
of Michaelis ( 3 ) was used instead The veronal buffer uas prepared by adding 
7 15 ml of 0 1 M sodium dicthylbarbiturate to 2 85 ml of 0 1 M HCl 



Since the veronal has a lower pK (8 0) than the glycine buffer 
(9 7) it IS necessary to carry the titration to an end point of lower 
pH m order to obtain a sharp color change The lowenng of the 
end point pH, how ever, is linuted by the fact that the pK of the acetic 
acid hberated from the substrate is 4 7, and the pH of the end point 
must not be allowed to approach this value too closely or the sharp- 
ness of the color change wiU suffer The pH finally chosen as most 
suitable for the end point was 6 2 As in the pre^nous esterase 
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method (1), the standard color-companson tube was filled with 
phosphate buffer and mdicator, but the buffer was made up to a pH 
oi 6 2 m this case 

Because of its powerful inlubitmg action upon chohne esterase, 
esenne was used to stop the enrlymatic reachon at the end of the di- 
gestion period A solution of 10 ml of 0 1 per cent eserme sulfate 



Final concentration of serum 
Fig 4 Comparison of imcro and macro methods 

added to 1 5 ml of 0 04 per cent brom thymol blue was used for the 
purpose 

The most desirable substrate concentration would be that givmg 
maximum enzymatic hydrolysiswith the least accompanying non-enzy- 
matic sphttmg In the case of chohne esterase there exists for a given 
concentration of enzyme a concentration of substrate beyond which 
no significant increase m enzyme hydrolysis is demonstrable (2, 4) 
Therefore it is not only of no value to employ substrate concentra 
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tions greater than this quantity, but it is definitely objectionable 
since the magnitude of the non-enzymatic hydrolysis becomes greater, 
thus decreasing the accuracy of the measurement For the present 
purposes a final concentration of about 0 4 per cent acetyl chohne 
chlonde was found to be entirely suitable 


TABLE I 


Measurements of Choline Esterase Activity by the Micro Method 


Final serum concentration, per cent 
n/ 20 HCl required, c mm 

0 55 

10 66 

10 70 

10 52 

10 58 

10 60 

0 91 

10 00 

9 9S 

9 86 

9 90 

10 10 

1 82 

S 36 

8 36 

8 24 

8 44 

8 22 

Average 

10 61 

9 97 

8 32 

Controls 

11 44 

1 11 30 

11 10 


11 28 

11 16 

11 02 


11 40 

11 20 

11 00 

Average 

11 37 

11 22 

11 04 

Difference 

0 76 

1 25 

2 72 


TABLE II 


Measurements of Chohne Esterase Activity by the Macro Method 


Final serum concentration, per cent 

0 

80 

1 

50 

n/50 NaOH required, ml 

2 

98 

4 

96 

Non-enzymatic hydrolysis 

0 

60 

0 

60 

Difference 

2 

38 

4 

36 

Expressed as c mm n/20 HCl for each 25 2 c mm of reaction 
mixture 

' 1 

19 

2 

20 


Preliminary experiments witli horse serum showed that practically 
the same activity was obtamed in the presence of veronal as in glycine 
buffer Furthermore the esenne solution employed was found to 
completely inhibit the enz>miatic action 

The nuCTO method desenbed was finally compared with the macro clectromctnc 
procedure used for the actmtN -pH studies This comparison should demonstrate 
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anv effect of veronal buffer on the esterase activity Accordingly a reaction 
mixture Tvas emploj cd for the micro titrations consisting of 16 c mm of 0 1 u 
veronal buffer at pH 8 0 containing per cent acetyl cholme chloride, plus 9 2 
cjnm of horse scrum solution Digestion vias allowed to proceed for 2 hours at 
25®, after which SO c mm of esenne indicator solution were added and titration 
earned out with n/20 HCl Suitable control eipenments were included m 
which the enzjme and substrate buffer (m the same tube) were not allowed to 
mix. Table I gives the results obtained 

The reaction mixture used m the macro expenments contained the same final 
substrate concentration After addition of horse serum solution to the substrate 
the volume was made up to 20 ml with distilled water After digestion for 2 
hours at 25 and at a pH of 8 0 the qbantitv of N/50 NaOH consumed b\ the 
aad liberated is given in Table II 

The agreement between the two methods is apparent from Fig 4 
Hence it ma\ be concluded that veronal has no measurable effect 
upon cholme esterase under the conditions given 

SUMMAItY 

The activity pH relationship for chohne esterase from horse serum, 
gastric mucosa of the pig, and cat bram was investigated, and an 
optimum was observed at pH 8 5 in each case 

A micro method for the determination of chohne esterase was devel 
oped capable of measunng the hydrolysis down to the order of that 
given by 1 X mol of ester 

The author wishes to thank Professor S P L Sorensen for his 
interest m this work, and to express his appreaation to Dr K Linder- 
strjJm Lang for his many helpful suggestions, and to G Haugaard for 
the use of his glass electrode equipment 
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STUDIES ON ENZYMATIC HISTOCHEMISTRY 

XXVI Tee Histological Disteibuiion or Choline Esieease in 
THE Gastric Mucosa Normally and attee 
Administration or Certain Drugs* 

Bv DAVID CLICK •• 

{From the Carlsberg Laboratory Copcnhageft) 

(Accepted for pubbcAtion, October 21, 1937) 

In previous papers of this senes Linderstr^m Lang, Holler, and 
coworkers have investigated the histological distnbution of pepsin 
(1, 2), aad (2, 3), peptidase (2, 4), and esterase (2, S) in the gastnc 
mucosa of pigs, and the urease (6) in dog’s stomach The present 
mvestigation is a continuation of this work with regard to chohne 
esterase In view of the well known theory of chemical mediahon 
of nerve impulses, chohne esterase should be of particular interest 
m those organs, such as the stomach, which are influenced by the 
parasympathetic nervous system 

Dale and Feldberg (7) have demonstrated the hberation in the 
stomach of a substance mdistmguishable from acetyl cholme when 
the thoracic vagi were stimulated These mvestigators pointed out 
the uncertamty regarding the pomt at which the acetyl chohne is 
set free m the stomach The possibihty that it might be produced 
m the mucous membrane rather than in the muscle coats has been 
discounted by them smce they observed large increases m output 
only when vagus stimulation threw the muscular wall into vigorous 
contraction One would expect the region in which the acetyl 
chohne is chiefly hberated to be the site of the greatest concentration 
of the enzyme hydrolyzmg this substance, since chohne esterase is 
an important factor in the physiological destrucbon of acetyl chohne, 
a process beheved to account for the short-hved effect of a nerve 

• This paper also belongs to the senes of investigations by the author and co 
workers as Studies in histochemistry XIV ” 

** Fellow of The Rockefeller Foundation 
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stimulus (8) Furthermore nervous tissue, which liberates acetyl 
choline upon stimulation, is the richest source of choline esterase in 
the animal body In the present instance it has been found that by 
far the greatest concentration of the enzyme occurs in the epithelial 
cell layer of the gastnc mucosa, and relatively little in the muscle 
This would tend to lend weight to the possibility that vagus stimula- 
tion causes the acetyl chohne to be liberated chiefly m the epithehal 
cell portion of the mucosa Direct evidence, however, awaits future 
developments 

It was the purpose of the present investigation to determine the 
quantitative distribution of choline esterase through the stomach 
wall of the pig in normal fasting and fed animals, and in those which 
had been given a previous injection of acetyl chohne, esenne, or 
atropine A correlation was drawn between enzyme activity and the 
cellular composition of the tissue at any point 

EXPERIMENTAL 

Procedwc for the Study of the Enzyme DistribuUon tn Stomach 

The method of sampling the tissue, obtaining serial microtome sections of the 
frozen material, and the extraction of the enzyme were analogous to the pro- 
cedures used for study of other enzymes (1 and 4-6) The tissue from the freshly 
killed animal was stored at —12° and the experiments ivcrc performed within 
1 to 2 daj’s Under tiiese conditions no demonstrable loss in activity occurred 
Two consecutive circular sections, each 25;i thick, and having a diameter of 2 6 
mm were placed in 9 2 c mm of 30 per cent glycerol in each reaction tube ^ftcr 
extraction at room temperature for 2 hours, 16 c mm of m/IO veronal buffer 
containing per cent acet}'! choline chloride were added and the mixture was 
stirred by means of the magnetic “flea” in usual manner The reaction was 
allowed to proceed at 30° for hours, in the case of cardia and fundus, but for 
only 1 hour with pjlorus tissue because of its greater activity Enzymatic 
hjdrol>sis was brought to a standstill, and the titration carried out with n/20 
HCl to an end point at pH 6 2 according to the method alrcad> described (9) 
Control expenments at 30° were conducted to determine the non-enzymatic 
splitting bj plaang the substrate-buffer mixture as a drop on the side of the 
reaction tube containing, but not in contact with, the gI>ccrol solution with the 
tissue sections 

ExlraclabiUty of the Enzyme 

In order to be certain that the 2 hour extraction of the sections 
was suffiaent, an expenment was performed m which alternate deter- 
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minations weie made upon tissue ettracted for 2 and 4 hours respec 
lively (Fig 1) From the manner in which the points he on the 
curve it IS apparent that complete extraction has occurred in 2 hours 

It IS of interest to obtam some idea of the tenaaty with which 
cholme esterase is bound to the tissue For this purpose an expen 
ment was conducted in which estimations of activity were earned 
out alternately on sections treated with 30 per cent glj cerol m the 
usual manner, and with 0 9 per cent NaCl solution for 2 hours Fig 2 
shows the results of this experiment, and it may be seen that the 
physiological salt solution serves as well as the 30 per cent glj cerol 

It should be home in nund that the greatest dimension of the van 
ous stomach cells lies approximately between 10 and 20p, and the 2Sp 
sections of frozen tissue must contam a considerable percentage of 
cells that have been cut open This may account in part for the ease 
of availability of the enzyme 

The possibiht)’ should not be overlooled that in the experiment 
described above the enzyme may not have been extracted at all, but 
the substrate may have diffused mto the cells and around the portions 
of the cut cells To demonstrate whether the enzyme is actually 
removed from the tissue, it would be necessary to separate the sec- 
tions from the hquid medium, and then determme the activity of 
this hquid This has been done in the following fashion 

Estimations of activity were conducted alternately upon sections 
treated with 30 per cent glj cerol in the usual manner, and upon 
sections placed first m 0 9 per cent NaCl solution for 2 hours and sub- 
sequently m 30 per cent glycerol for the same length of time In 
the latter case the sections were removed from the sahne solution 
with a glass needle and transferred to separate tubes contaimng 9 2 
c mm of 30 per cent glycerol 6 5c mm of the sahne solution were 
used, and after removal of the tissue, 2 7 cjmn of pure glycerol were 
added to mate a final concentration of 30 per cent m a volume of 
9 2c mm The quantity of enzyme in this sahne glycerol solution 
was determmed, and another determination was made on the glycerol 
solution with the transferred sections The results of these expen 
ments are represented m Fig 3 The magmtude of the activities 
observed m the sahne solutions is a httle less than the actual activi 
ties since a film of the sahne extract remams on the surface of the 
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sections vrhen. they are transferred to the glycerol solution Most of 
the enajme appears in the saline solution, and the sum of the ac- 
tiMties ohsen^ed in this and the subsequent gtycerol solution equals, 
or exceeds to some degree, the activities obtained by the single glyc- 
erol treatment alone. It would appear from this that chohne esterase 
in the source in question is easil}* diffusable imder the experimental 
conditions chosen, and is extracted from the tissue even b}’’ physi- 
ological salt solution 

In this connection it is interestmg to note that Dale and Dudley 
(10) observed a rapid disappearance of acetyl chohne from spleen 
when the tissue was mmced, though httle of the substance was lost 
if the organ was allowed to remam mtact until ground for analysis 
of acetj'l chohne Apparently the mmcmg process brought the 
esterase and acetyl chohne mto contact with one another, from 
which it might appear that either the eazime and substrate are 
normally separated withm the cell, or that the disruption of the cell 
resulted in activation of the enzyme or formation of the substrate 
from some precursor or both 

Hrsfologtcal Corrdahon 

In order to determine from which part of the mucosa the titrated 
serial sections were obtamed, the tissue remaimng after the sample 
had been removed for enzyme study was fixed, mounted, sectioned, 
and stamed as described by Linderstr^m-Lang, Holter, and Sjieborg 
Oblsen (2). The cellular composition of the stained sections was 
correlated with the titration curves (2), and the latter were labeled 
accordmgly (Figs 1-13) The designations on the cunes represent 
the positions where the respective cells occurred in greatest number 
Cell counts were not performed in the present case since the epi- 
thehal cell region, which is ob\uousIy the one of greatest interest in 
relation to chohne esterase, was rarelj suffiaenti} intact in the 
stained sections to permit suitable counting 

RESULTS 

Experiments on Stomachs from Xormal Fasting Anmals 

The tissue used in these expenmen ts was obtained from pigs v.hich 
had been starved for 24- hours pre\Tous to lalhng Figs 2-4 demon- 
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strate the distnbution of choUne esterase m the cardia, fundus, and 
pylorus In every case the highest enzyme concentration was found 
m the region where the epithehal cells predominate In some m- 
stances a dip in the curve occurs beyond the epithehal portion fol 
lowed by a rise m the chief cell region (Fig 2) However, with other 



Fig 1 Oa all the curves E refers to region of Tnanmum concentration of epi 
thebal cells C refers to region of maximum c»ncentratjon of chief ceils, M refers to 
beginning of muscle layers, and P fundus refers to region of maximum concentra 
tion of panetal cells Abscissae of all curves miUuneters from surface of mucosa 
Ordmates of all curves, hydrolysis (cmim H/20 HQ after 1 5 hours m cardia and 
fundus, 1 hour in pylorus) Choline esterase distribution m fundus 88 Animal 
injected with 150 mg acetyl cholme chlonde 1 hour before kflhng 
O " sections extracted for 2 hours 
X *= controls 

A « sections extracted for 4 hours 
A » controls 

samples of tissue no dip was observed, but a steady declme followed 
to the region of the chief cells, and usually a further decrease m ac- 
tivity was demonstrable m the muscle tissue The pylorus contamed 
the enzyme m greater concentration than other parts of the stomach 
smee practically as much activity was observed in 1 hour with this 
tissue as in 1 5 hours with the other tissues 
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Experiments on Stomachs from Normal Fed Animals 

The animals used for these experiments had been allowed to feed 
on their usual diet up until the time they were lolled The stomachs 
were found to be well filled with food Figs 5 and 6 demonstrate 
t3rpical curves for this matenal The curves are essentially the same 
as those obtained using stomachs from fasting animals 



Distance from surface 
of mucosa 

Fig 2 Choline esterase distribution m cardia 94 Normal fasting animal 
O = sections extracted with 30 per cent glycerol 
X = controls 

A = sections extracted with 0 9 per cent saline 
A = controls 

Experiments on Stomachs of Animals Injected loith Acetyl Choline 

Acetyl choline chlonde in freshly prepared aqueous solution was 
injected intramuscularly in doses of 100 or 150 mg into the hind- 
quarters of fasting animals 30 minutes and 1 hour respectively before 
the animals were killed Reaction to the drug was apparent at the 
time the ammals were slaughtered as indicated b> e\'cessi%’e sah\ation 
and the presence of more than the usual amount of fluid m the other- 
wise empty stomach The data obtained (Tigs 1 and 7-9) do not 
differ actually either qualitativclv or quantitative!} from those of 
the normal umnjected ammals The broad maximum shown m 
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Distance fcom surface of mucosa 

Fig 3 Choline esterase distnbution m fundus 94 Normal fasting animal 
O -■ sections extracted with 30 per ant glycerol 
X " controls 

A » first extract with 0 9 per cent saline 
+ - subsequent extract with 30 per cent glycerol 
□ ** combined (A) and (+) 



Distance from, surface of mucosa 

Fio 4 Choline esterase distribution in pylorus 82 Normal fasting animal 
In Figs 4-13, O =» total activity and X — control 
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Fig 9 IS the effect of the presence of an abnormally great number of 
epithelial cells throughout the tissue to a depth of 1 5 mm 



Fig 5 Chobnc esterase distribution in fundus 84 Normal fed Animal 



Distance fdpom surface of mucosa 
Fig 6 Choline esterase distnbution m pylorus 84 Normal fed animal 


Experiments on Stomachs of Animals Injected with Atropine 

As in the case of acetyl chohne, atropine was injected mtramuscu- 
larly into fasting animals 30 mmutes before they were killed, the dose 
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Distance from surface of mucosa 

Fig 7 Choline esterase distribution m pylorus 88 Same as used for data in 
Fig 1 



Distance from surface of mucosa 

Fig S Chohne esterase activity distribution in fundus S3 Animal injected 
with 100 mg acetyl chohne chloride } hour before Lillmg 


used was an aqueous solution containing 200 mg of atropine sulfate 
At the time of kilhng, the effect of the drug was evident by the dry 
ness m the mouth of the animal and the presence of relatively httle 
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Distance fnom surface of mucosa 

Fig 9 Choline esterase distnbution in pylorus 83 Animal same as used for 
data m Fig 8 



Fig 10 Choline esterase distribution in fundus 92 Animal injected with 200 
mg atropine sulfate I hour before killing 

fluid in the stomach, but the results presented in Figs 10 and 11 
show no real deviation from the normal picture 
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Distance from surface of mucosa 

Fto H Choline esterase distnbution m pylorus 92 Anrmal same as used for 
data m Fig 10 



Distance from surface of mucosa 

Fig 12 Cholme esterase distribution in fundus 91 A n i m al injected -with 30 
mg eserme sulfate J hour before killmg 

Experiments on Stomachs of Animals Injected mtli Esenne 
Fasting pigs were given the injection intramuscularly as usual, 
and after 30 nunutes were killed The dose employed was 30 mg 
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of eserme sulfate contained m aqueous solution The reaction to 
the drug at the time of killing was similar to that produced by 150 mg 
of acet3d chohne chlonde T)rpical curves are given in Figs 12 
and 13 In this case as well, no marked change from the normal can 
be observed 

A simple calculation enables one to estimate the quantity of acetyl 
cholme chloride split per cubic millimeter of tissue per second m the 
vanous cell regions Thus the epithelial cell portion of the tissue 
yields activities of about 6 emm n/20 HCI under the conditions 



ITm 0 05 10 15 20 25 

Distance from surface of mucosa 

Fig 13 Choline esterase distribution m pylorus 91 Animal same as used for 
data m Fig 12 

given, we may take 55y as the correspondmg approximate quantity 
of acetyl chohne chlonde spht (1 c mm n/20 HCI 9 OSy) The 
volume of two 25/i sections, 2 6 mm m diameter, is 0 265 c mm 

Hpnre “iS-v ^ - ■— = 0 0587 spht per second per cubic miUi- 

uenceooy 265 

meter m pylorus, and | this or 0 OSPy m fundus and cardia 

DISCUSSION 

The results presented all demonstrate the relatively mtense cholme 
esterase activity associated with the epithehal ceU portion of the 
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mucosa Curves of methyl butyrase activity m the pig stomach (5) 
also showed relatively greater activity m the region of the greatest 
concentration of epithehal cells, but the magnitude of the enzyme 
hydrolysis was equivalent to 2 0-2 5 c mm n/20 HCl in S hours at 
40°, while for chohne esterase the correspondmg activity was found 
to be 6 0-7 0 c mm n/20 HCl m 1 5 hours (1 hour in pylorus) at 30° 
The pH (8 7) was a httle above the optimum m the former, and a 
httle below (8 0) m the latter case for the respective enzymes The 
greater activity of chohne esterase as compared to methyl butyrase 
was characteristic of all cells m the stomach 

No consistent prohle was found in that portion of the curves beyond 
the epithehal cell region In some samples of tissue the activity 
fell off and maintamed a steddy low value to the muscle layer, while 
in others a small increase m the locahty of the chief cells was ob 
served Although it is not certain without detailed cell counts on 
each specimen, it would appear from the stamed sections that the 
presence of epithehal cells in greater or lesser numbers is the basis of 
these variations 

The higher concentration of epithehal cells in the pylorus doubt 
lessly contributes much to the consistently greater chohne esterase 
activity m this portion of the stomach Crypts bned with these 
cells extend much deeper into the stomach wall in the pylorus than 
in the fundus or cardia regions It is not uncommon to find epithe- 
hal cells close to the muscle layer The possibility that the high 
chohne esterase activity associated with the epithehal cell material 
may be the result of the presence of this enzyme m the interstitial 
tissue rather than in the cells, or in both, should not be overlooked 

It imght be expected that chohne esterase would be mobihzed m 
response to the appearance of acetyl chohne in the tissue However, 
this does not appear to be the case since the injection of acetyl 
chohne, m quantities sufficient to produce a reaction in the stomach, 
resulted m no observable change m the enzyme activity From this, 
and the fact that the normal stomach in either the resUng or actively 
digestmg state shows no essential difference in chohne esterase con 
centration, the suggestion would seem pertinent that a fairly con 
stant concentration of the enzyme exists permanently m the tissue in 
question, and that this concentration is independent of such factors 
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as nervous or direct chemical stimulation Weight is lent to this 
suggestion by the findings that the known inhibiting effect of eserme 
upon the choline esterase in circulating blood (11-12) does not 
apply apparently to the gastric mucosa under the conditions herein 
described, no changes in enzyme activity of significance were elicited by 
the eserme administered, and furthermore atropine gave no demon- 
strable variation from the normal picture 

SUMMARY 

Extraction ex^ieriments demonstrated that chohne esterase could 
be removed from microtome sections of tissue with as great facihty by 

0 9 per cent NaCl as by 30 per cent glycerol 

The quantitative distribution of chohne esterase through the wall 
of the pig stomach was studied, and it was found that the epithehal 
cell region possessed the greatest activity and muscle tissue the 
least Pylorus was more active than fundus or cardia 
The enzyme activities found were independent of the physiological 
state of the normal stomach at the time the animal was killed 
Neither intramuscular injection of acetyl chohne, esenne, nor 
atropine shortly before killing had significant mfluence upon the 
activity in any region of the stomach 
The implications of these results were discussed 

The author wishes to express his appreciation to Professor S P L 
Sj^rensen for his interest m this investigation, to acknowledge his 
indebtedness to Dr K Linderstrjzim-Lang for his invaluable sugges- 
tions and discussion, and to thank K Mogensen for obtaining the 
stomachs and preparing and examining the stained tissue sections 
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I 

Interest of several kinds attaches to observations in which the rela 
tions of critical illumination (/) and critical frequency of flashes (F) for 
response to visual flicker are determined with varymg proportions of 
hght tune to dark time (ft/lo) m a flash cycle Data of this kind 
should provide an important test of theories of visual flicker The 
majority of reported experiments have employed a flicker cycle m 
which te = to {te , SO per cent dark time) Measurements with 
tt/tr, vaned have given results which are to first inspection strangely 
contradictory Porter (1902) and Ives and Kmgsbury (1916) found 
for the human subject that with constant mtensity m a flash while 
fi/fu was vaned, the cntical fusion frequency / passed through a 
maximum at or near ijti, = 1 Hecht and Vemjp (1933-34) were 
able to give an equation requinng this effect on the basis of the general 
equation proposed (Hecht and Wolf, 1932-33) for Talbot’s law, which 
accordingly became a test for the theory of the flicker curve obtained 
on the basis of that equation 

On the other hand it has been known for some time (c/ PiSron, 
1922) that if observations are made by a method in which flashing 
IS produced by the mterruption of a beam of hght, rather than by 
viewing a surface part white and part black upon which hght falls, 
as m the experiments of Porter and of Ives and Kmgsbury, the 
mcrease of (lAu is accompamed by a progressive increase in /, the 
curve does not go through a maximum (Ives, 1922, PiSron, 1935) 
Moreover (Cobb, 1934), for “constant brightness at fusion” / de- 
313 
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dines as /i/Zjj is increased, and for higher values of the ratio (and 
of I) falls rapidly (c/ also Pieron, 1928) These curves cannot be 
derived from the mechanism proposed on the basis of the theor}^ that 
the data are pnmanly determined by the photochemistry of the retma 
(Hecht and Verrijp, 1933, 1933-34, Hecht, Shlaer, and Smith, 1935) 
The difference is presumably due to the effect of reflection from the 
“black” portion of the sector disc If this is correct, an adequate 
theor)’- of the flicker function is required to account for (1) the increas- 
ing value of / as hAn is increased, with J constant, when flicker is 
produced by penodic cutting-off of light, and (2) the mcrease and de- 
crease of / when io really represents time dunng which a lower intensity 
of light IS acting, so that we have to do with cycles charactenzed by 
hjU, 

From the standpoint of what may be called the intensity-discnmi- 
nation theory of themargmal recognition of flicker (Crozier, 1935-36, 
Crozier, Wolf, and Zerrahn-Wolf, 1936-37c, d) the mechamsms m 
these two cases should differ significantly When lx and h are 
measurable intensities, and by reflection from a sector disc h ~ ^ 
Ti, the conditions for discnmination are not those which prevail 
when Iz — 0 The cun^e ol le — 6 (f) is of the same form as that for 

= 0' (F), as attested by experiments with the human eye m which 
h/h — 1 (Crozier, Wolf, and Zerrahn-Wolf, 1937-38 b) 

Quahtatively it could be expected as reasonable, if the kinetics of 
hght adaptation and dark adaptation, as directly measured, are 
immediately concerned m the detenmnation of the flicker mtensity 
contour, that raising the temperature and mcreasmg the proportion 
of dark time m a flicker cycle should have the same direction of effect 
For a given energy of flash, the extent of dark adaptation should be 
increased at a fixed F, and le could then be smaller The detailed 
companson of the F-I contours obtained with temperature and ijh 
as parameters permits the evaluation of this notion It also tests 
the idea that Talbot’s law really has an3^hmg to say about the proper- 
ties of I and I for marginal flicker 

Observations at various temperatures have been made with lower 
ammals, by a technique which when used with human observers gives 
the well known properties of the flicker curve (Crozier, Wolf, and 
Zerrahn-Wolf, 1936-37c, d, 1937-38 b) The same procedure is 
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easily adapted for expenments in which the ratio ft/Zo is vaned The 
present paper deals with our expenments on the sunhsh Lmteacanthits 
gloriosus 


n 

The apparatus is essentially a glass c>lindcr with black and transparent alter 
natmg stnpes (Wolf and Zerrahn Wolf 1935-36 Crozier, Wolf and Zerrahn 
Wolf 1936-37o 1937-38o) The cyhnder encloses a small aquanum containing 
the reactmg ammal is evenly illuminated from outside and is rotated at a known 
speed The number and the widths of the opaque stnpes can be such that any 
desired proportion of light time to dark time is obtainable m a cycle passmg a 
given pomt at the cylinder wall It is not practicable to have ti/io less than 
0 1 or greater than 0 9, owing to mechanical difficulties m the precise adjustment 
of \ cry narrow stnpes 

The responses of the fishes have been discussed in preceding papers (c/ 
Crozier, Wolf, and Zerrahn Wolf, 1937-38a and earher articles there ated) 
Ten mdividuals were used throughout the present senes of observations The 
method of treatment of the data has been desaibed m the previous papers 
three successive measurements of / with each mdividual are averaged to give I\ 
the mean of these ten « PE/, is the PE of the dispersion of the ten The 
il/lj) ratios used were 0 10 0 25 0 SO, 0 75, and 0 90 At 0 SO a sufficient number 
of detenninatioos were made to show that the sunfish of the present lot gave 
values of very closely agreeing with those obtamed from previous lots at the 
same temperature (215) In Table I the entnes under ti/iD not m bold face 
type are taken from earlier papers The vanation of I\ is discussed m Section 
IV The observations at each value of ti/tp were taken m one senes The 
same ten individuals were used throughout No progressive changes m sensitivity 
were detectable 

Careful examination has shown that in the new senes of measurements as in 
the older sets, the behavior of <r/, is of a uniform nature the between animal 
variation except at the very highest flash frequenaes, exceeds the within animal 
the relative sensitivities of the ten fishes fluctuate at random from one set of 
readings to another The graph of log PE/, vs log breaks at about the 
pomt where the declining rod function fades out beyond this mtensity the data 
can still be described as or/, and m direct proportion but with a new ongm 
(Crozier 1935-36) 

The absolute values of P E /, however are lov^er than m our previous senes 
at this temperature (215) The reasons for this are unknown but are probably 
found m the differences between the lots of sunfish In Fig 13 onl> the new 
data for ti/io “ 1 are plotted {cj Table I) 

The device produang flicker has one theoretical defect the inner face of each 
opaque stnpe receives light from the transparent bars on the opposite side of the 
cyhnder The reflection coeffiaent of the flat black paper is small and the results 
demonstrate that under our conditions F does not go through a maximum as 
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TABLE I 


Im (miUilamberts) and P E , as logio /, at different flash frequencies F, for 
various percentages of light time {tj) in a flicker cycle Observations on the sun- 
fish Enncacanthm glonosiis, at 21 5° The log Im figures not in bold-faced type are 
from earlier experiments (Wolf and Zerrahn-Wolf, 1935-36, Crozier, Wolf, and 
Zerrahn-Wolf, 1936-37 o, d), for these, N = 12 individuals, n — S observations 
on each at each F For the newer data (bold-faced), iV = 10, = 3 
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The observations are summarized in Table I It is apparent that 
for a given F the mtensity of a flash required for response decreases 
continuously as the flash duration is made less and the dark interval 
accordingly greater At fixed mtensity, F increases as ti/to becomes 
smaller, and the maximum to which F nses is found to mcrease 

In Fig 1 log IS plotted as a function of F The whole curve is 
shifted to lower intensities with decrease of h/in, and the maximum 
nses shghtly The curves show the features of structure already 
seen for ti/l„ = 1 (Crozier, Wolf, and Zerrahn Wolf, 1936-37 d, 
1937-38 a) The farm of the curve is not affected Fig 2 demon 
strates that the cone portion of each graph is accurately desenbed by 
a probabihty integral This is also true for the rod sections (Fig 3) 
The limitations of the apparatus are such that mtensities greater 
than antilog 2 3 cannot be obtained, and on the other hand flash fre 
quenaes above F = 40 could not be produced with adequate pre 
cision for Ic/Id = 0 10 or 0 90 Below log / = 7 5 the animals cannot 
be clearly enough seen in the apparatus to observe their movements 
accurately The curves are therefore mcomplete in these respects 
By tnal, however, values of are found for the cone parts which 
give an adequate description of the data (Fig 2) The further prop- 
erties of the parameters of these descnptions give a sufficient justi- 
fication for the procedure A striking feature is that on the prob 
abihty gnd (with F as per cent F^^) the slopes of the hnes for the cone 
contnbution are independent of U/Id, and for the rod part also (Figs 
2 and 3) From the standpoint that dF/d log I vs log / represents a 
frequency distnbution, this means that a' is independent of 
tc/tD, as it IS of temperature (1936-37 d) In Fig 4 the graphs of 
Fig 2 have been moved on the log / axis so as to coinade at F = 
0 S Fm I (» e , each value of F„ has been multiphed by a constant for 
each Il/Id) , the points form a band of statistically constant width on 
the log I axis The same procedure apphed to the rod portions of the 
data IS shown m Fig S , here the relative departures of the points are 
greater on the F axis, although their absolute magnitudes are no greater 
(the maximum departure m Fig S is equivalent to 0 63 F/sec ) since 
the F scale is magnified about seven times by comparison with that 
in Fig 4 




03e/j 


losrira 

Fig 1 Flash frequency and log J„ for various percentages of light time in a cycle, increasing from left to right Data on the sunfish 
Enneacanlhus (Table I) 
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The descnption of the F - log I curve by means of a probability 
integral (Crozier, Wolf, and Zerrahn Wolf, 1936-37 d, 1937-38 a, c, 
1937, Crozier, 1937) has shown (1) that this function is adhered to by 



Fio 2 The upper (cone) portions o{ the curves m Fig 1 on a probabihty gnd, 
FaslOOF/F. 


the data, (2) that systematic deviations from it, in the case of certam 
insects studied, are readily accounted for hy structural conditions 
(Crozier, Wolf, and Zerrahn Wolf, 1937-38 6), (3) that it provides a 



log I 

lusted to the same value of log I at the 
>pes are the same 




W J CROZIER, E WOLF, AND G ZERRAHN WOLF 


321 


rational dissection of the compound flicker curve for vertebrates, 
(4) that It IS intimately connected with the intnnsic orgamc vanabil 
ity which IS a basic feature of the data, (5) that its parameters bear 
the reasonably expectable relations to area and to temperature, which 



Fig S The rod curves of Fig 3 adjusted to the same value of log 1 at the 
inflection point (iP ■» 0 50 F**, ) 



extensions of the probabiUty integrals from Fig 2 (shown m two cases only) to 
demonstrate the manner in which the extrapolation to the neighborhood of 
F « 0 accounts for the shape of the graph resulting from the summation of F 
elements due to rods and to cones 

m the latter case would scarcely be looked for on other theoretical 
grounds, and (6), that the parameters in question are proved to have 
the nature of organic mvanants determined by the composition of the 
organism (Crozier, Wolf, and Zerrahn Wolf, 1937) 





322 


CRITICAL FLICKER FREQUENCY IN SUNFISH 


We may consider first with the present measurements the composite 
character of the flicker curve The rod contribution, with the various 
fishes we have studied, is of much lower maximum F than the cone 
part, the proportion M nfMc being much smaller {ca 0 13) than for 
man {ca 0 2) The log I separation of the rod and cone branch 
(Fig 1) IS also greater, and the cone curve is steeper (<r less) 
This brings it about that with the fishes there is a flat region in the 
curve, almost honzontal, on which a small hump signifies the entrance 
of the effects due to cones, with the human data the overlapping is 
much more complete (Crozier, Wolf, and Zerrahn-WoK, 1936-37 d, 
1937-38 c) Fig 6 shows that, as for the curves at different tempera- 
tures (Crozier, Wolf, and Zerrahn-Wolf, 1936-37 d), and for various 
genetic t3^es (1937-38 d), the extrapolation of the cone probability 
integral back toward F = 0 accounts precisely for the beginning of 
the upward drift of the observations at different levels of tJtD 

The difference curves obtained by subtracting the extended cone 
mtegral from the observations are also rectihnear upon a probability 
grid (cf Crozier, Wolf, and Zerrahn-Wolf, 1936-37 d, 1937-38 o) 

IV 

Upon the descriptive success of this formulation the contention 
rests that the theory of the marginal recognition of flicker must be 
denved from the properties of the parameters of the probabihty func- 
tion These properties are of two kinds There are first the observ- 
able consequences of the fact that the curves (Figs 2 and 3) describe 
the connection between F and mean values of Ic, the nature of the mn- 
ahonoi Ii, which is lawful (Crozier, 1935-36, etc ), and which can be 
estabhshed through its quantitative relations to expenmental variables, 
is also to be accounted for by any acceptable theory Second, there are 
the properties which can be measured by expressing these parameters 
as fimctions of area, wave length, temperature, Il/Id, and other 

conditions The necessary parameters are three F„az , aioe i, and 
log /m at the inflection point (= log /,„//) On a scale of F = per 
cent F„ax , aioe i is o''iog i It is already found that F„„ is decreased 
by decrease of visual area, log Imfi increased, a'lae i apparently un- 
changed (Crozier, Wolf, and Zerrahn-Wolf, 1937-38 h) With in- 
crease of temperature (Crozier, Wolf, and Zerrahn-Wolf, 1936-37 c, d), 
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Fnia and o-'i , , are unaffected, log /< /i is decreased By analogy 
with the case of electrical excitation (Crozicr, 1937) we shall write 
t' for log 1 1 /I 



Fig 7 F«o (cones) is a declining rcctibnear function of the percentage of 
bght tune m the flash cycle (The pomts at 10 per cent and at 90 are estimated 
from the calculations m Fig 2 ) 

With increase of h/lD we find that * is lowered (Fig 1) The 
relationship is such that Fmw is a declining rectilinear function of the 
percentage of the flicker cycle time occupied by hght (Fig 7) (or, an 
increasing rectilinear function of h/(h + h)) The effect is less 
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dearly evident with the rod curves, since a change m of the same 
proportionate amount (23 per cent of at -}- /^) = 0 9) 
would only ht 1 6 F units, and the detected change from 0 9 to 0 1 
IS less than thi^ 



0 50 100 


I00tj_/(ti+1;j,) 

Fig 8 The abscissa at the inflection point of the F, log curves (cones) is a 
rectihnear function of the percentage hght tune 

The value of log /»„/! (= t') is a rectihnear function of h/{tz, -f- 
tp), for both rod and cone curves (Figs 8 and 9) The proportion- 
ality constant is identical for the two sections, we may anticipate a 
subsequent report on sumlar experiments with Anax larvae to point 
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out that tins relationship is discovered there also, but that the slope 
of the t' vs + to) plot differs from that in Figs 8 and 9 
We have thus a situation in which <r'io,j is mdependent of 
area, and temperature, while P^, decreases directly with increase 
of + Id) and t' increases in this proportion and decreases with 
nse of temperature, whereas is independent of temperature To 
reconcile these facts with the conception that F and I are interde 
pendent by reason of the nature of a (homogeneous) photostationary 
equiUbnum of hght adaptation and dark adaptation in the retina 
appears to be impossible Certainly it cannot be done on the assump 
tion that liminal flicker depends upon constant or constantlv propor- 



Fig 9 The rule observed in Fig 8 holds also for the rod portions of the 
flicker curves, and the slope constant is the same 

tionate differences m the amounts or rates of photochemical change 
produced by alternating intervals of light and darkness 

V 

The F-logI curves have been compared for various ratios on 
the basis of the intensity of the illumination dunng a flash If 
Talbot’s law were applicable to a situation of this kind, compansons 
nught be msUtuted on the basis of the equivalent mean mtensity 
flux (Z„) at the point of reaction for each F Instead of being 
brought closer together, however, the curves m Fig 1 are of course 
more widely spread apart when each I„ for fr/fD = 1/9 is multiphed 
by 0 1, those for 1/1 by 0 5, and those for 9/1 are multiphed by 0 9, 
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while a transformation in terms of / X / on the F axis inverts the order 
of the curves Naturally, in discussing cntical flicker frequencies, 
nothing can be said about equivalent brilliance in the case of lower 
animals, and nothing really justifies the use of Talbot’s law at the 
critical flicker frequency 

Neither in terms of nor of does F exhibit a simple relation 
to to, logarithmic or parabolic (as cf Pieron, 1935, etc ) As the 



Fig 10 For the cones, log is a rectilinear function of log (dark ratio) 
This rule is not obeyed by the rod curves (Fig 11), and is probably not a signifi- 
cant relationship See text 

“dark ratio” to/ti. increases, F at fixed I also increases, but on a 
curve of which the shape depends on the magnitude of or 
For higher intensities, F is more nearly a straight line function of log 
(/n//i) The nearest approach to a vahd relationship of this kind is 
given by the fact that (over the range considered) r' is very nearly a 
straight-hne function of log {h/h), for the cones, so that I is a 
decreasmg parabohc function of the dark ratio (or, increasing, of the 
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light tune ratio), as shown in Fig 10 The case is not so good for the 
tods (Fig 11) The same thing is found with Anax Since (Figs 
7 and 8) r„„ is rectihnearly related to t', the same relation must 
hold for it, with reversed sign (Fig 12), and also for F i /i , with 
the slope is not far from 1, so that = SI + logu(lB/h) In 
general the rule that F « log (Id/Il) can be expected to hold only at 
the highest intensities, as a limiting condition 
These intenelationships at least indicate that the cunes in Fig 1 
reflect merely a change in the scale of the F-log /„ function when 





Fig 11 Forthcrodoxrveslog/<«/i is not (as for the cones Fig 10) a straight 
line function of log 

thfiD IS altered They are consistent ■with the idea that one is really 
dealing "with a population of elements, the additive effects of which 
are proportional to F, and that the sum of effects producmg the mar 
ginal response to flicker depends in a particular way upon the proper 
tion of hght time m a flicker cycle When is low, the total pop 
Illation of elements is larger, its sum being , and as it grows, in 
direct proportion t is augmented, and r' each bemg in rectihnear 
relation to the increase of the fraction of the total cycle occupied by 
hght 

The reaprocal changes m and t' are consistent with expecta- 
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tion When area is decreased, t' is higher and less This effect 
IS to be looked for when the total available number of elements has 
been reduced The legitimacy of considenng and visual area as 
equivalent in this way, that is, in terms of their significance for the 
magnitude of the sensory effect produced, is attested particularly by 
experiments below the critical flicker frequency for the bee two flicker- 
ing fields have the same phototropic effect if the product of flicker 
frequency X area is the same, evidence of the same kind is provided 
by Ltmulus (Wolf and Zerrahn-Wolf, 1934-35, 1936-37) When 
ih/iD IS increased it is reasonably supposed that the total number of 



Fig 12 The maximum F to which the flicker curve rises is directly propor- 
tional to log {iv/ii) 

available elements is made less, because recovery of any one end- 
organ (rod or cone) from the effect of a flash will be less probable if 
the flash is longer and the dark period less, at given cycle tune (l/T) 
Hence to achieve a given effect {F), 1 must be mcreased t' is the 
measure of log required for activation of 50 per cent of all the avail- 
able elements It could therefore be expected to bear a sunple rela- 
tion to the fraction of the cycle occupied by hght, and it is found to 
be directly proportional to this fraction (Figs 8 and 9) If the sen- 
sory structures to be excited are the same, however, i should 
not be a function of the percentage of hght time, any more than it is 
of temperature is independent of temperature because the 
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total number of available elements is not affected, although the 
mechanism whereby the action of flashes is balanced agamst their 
after effects is influenced 

The latter mechanism has been taken to be essentially that operat- 
ing m the discnmination of intensities In the flicker expenment only 
one intensity is involved, the adjusted intensity /j, it is to be just dis 
cnmmated from darkness, /i = 0, so that A/ = /> — A = /„ An 
essential attnbutc of AI as obtamed when A7„ = It — Ii is that 
A/„ and o-,,^ are directly proportional (Crozier, 1935-36, 1936, Cro 
zier and Holway, 1937, Holway and Crozier, 1937), and the ratio is 
not a function of area (i e , of number of sensory elements) In the 
data of critical flicker it has been shown that I„ and are in direct 
ratio (Crozier, 1935-36, Crozier, Wolf, and Zerrahn Wolf, 1936- 
37 6, c, d, 1937-38 a, c), and that the proportionality is mdependent 
of area (Crozier, Wolf, and Zerrahn WoU, 1937-38 b) We here find 
also that it is independent of tjta (Fig 13), and in A«a* as well 
The homologue for changes m ti/lj, is found m certam experiments 
involving sensory discrimination of tension, the relation between 
AIT and ‘s independent of frequency of the submission to tension, 
although increasing frequency decreases AW {cj Crozier and Holway, 
1937) 

The nature and the mode of action of the sensory elements con 
cemed in this formulation can be investigated without assumptions 
as to their identity with smgle rods and cones Elements are 
simply defined by dF/d log I, at given I„ their sum is F Identifica 
tion with the physicochemical properties of individual rods and cones 
IS unnecessary, and indeed impossible The mode of action m the 
sensory discnmmation of flicker has been pictured (Crozier, Wolf, 
and Zerrahn Wolf, 1936-37 d) as mvolvmg discrimination between 
(o) the central effects of the flashes of hght and (6) the after images of 
these effects It can be supposed that the rate of decay of the after- 
effect of a flash depends upon the rate and the duration of the buildmg 
up of the photic effect, and upon an intnnsic velocity constant If 
the discnrmnation of hght (flashes) from non hght intervals m cychc 
succession depends upon the recognition of (reaction to) an efficient 
difference between (o) and {b), the relation of the F-log I curve to 
temperature is easily explamed and a reasonable account is obtamed 
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of the behavior of the variability of A, as we have shown These 
properties are exhibited by the responses of animals possessing very 
different eyes structurally, and, as in the case of other phenomena 



Fig 13 /m and PEij^ are directly proportional up to about log /„ = 1, 
above that, as in other data on vertebrates, the slope on the log grid is less than 1 
The proportionahty constant is quite independent of IlIId The symbols are as 
in Figs 1, 2, etc 

of intensity discnmination, their essential dynamical features cannot 
be understood in terms of specificities of superficial structure 

To account for the changes in the F~ log curve as a function of 
IlAd in these terms is not especially difficult In the diagram of 
Fig 14 there has been indicated schematically the time course of 
development of the mean effect of a flash (A~jB) which for if. A d = 
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1 IS cntical for response to flicker The effect E is due to the combined 
action of all the impulses peripherally produced dunng the action of 



Fig 14 Schematic theoretical representation of events in a flicker cycle to 
show the way in which changes m tlie proportion of light time in a cycle can 
produce the observed changes in the F — log / curve The time curve for 
de\clQpmcnt of sensory effect of a flash has a velocity constant which is a function 
of 1 and of the number of exatation elements available the decay curve for the 
after-effect at fixed temperature, has a fixed velocity constant 

yf B IS the course of development of the sensory effect JS of a flash, at the 
cntical pomt for response to flicker B C the dcchne of its after effect m an 
equally long dark inten.'aL Between the mid*ordmates ci and cd (or the mean 
rates of change of £) there obtains a certain difference which is necessary for 
response to flicker at this level of E 

If the cjcle tune (■» 1/F) be kept constant and the intensity in a flash and 
II is reduced say to IS per cent, a new position of balance A'B'C is amved at, 
at a lower mean E although the vdoaty of mcrease of effect due to a flash is 
higher (/O with the same I because the number of elements of excitation is then 
larger (see text), but the difference between the midpoint ordinates is now 
greater, and flicker is recognized (by response) Only by lowering the intensity 
(/'O, produemg a less rapid rise of the effect of a flash, can a balanced rise and 
fall of effect wth constant mean E be achieved which will permit a just adequate 
difference between the mid pomt E ordinates for the two parts of the cycle 
(Similarly, for constant / m a flash the cycle tune must be reduced for the 
same kind of adjustment ) 

Thus, vnth respect to the recogmlton of fiuker when hght and darkness alternate 
duration and intensity in a flash do not have reaprocal significa n ce From the 
data of Table I plots can be made of log vs 100 (/./(ti, + to) at each flicker 
frequency, and by mterpolation we can get the values of critical / for different 
durations of a flash (f^) at constant dark time The curve goes through a maxi 
mum for long to, and its shape is a function of tjj Talbot s law has nothing to 
say about the form of the cntical flicker contour 


the flash Its fonn must be pnmanly the result of the time and 
intensity-distributioii of the exatabilities of the penpheral units 
and of their central representations B-C is the course of the decay 
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of the after-effect {cf Crozier, Wolf, and Zerrahn-Wolf, 1936-37 d) 
For marginal response to flicker it matters little at the moment 
whether we take a critical difference between the areas under ^ B and 
BCot between the rmd-ordmates as significant When /t/Zc is made 
< 1, the number of available units is larger, as indicated by the analysis 
already given, therefore A B rises faster, consequently, with I held 
constant, a smaller cycle time is required to give the same kind of 
difference between the mid-point effects of the hght and the dark 
intervals Similarly, for increase of Il/Id the number of potentially 
available elements is decreased, hence (at fixed F) I must be increased 
to give the same kind of balance In the first case, however, with 
decreased hght time, the mean level of E is then less than when the 
hght ratio is higher (Fig 14), this corresponds to the fact that the 
actual response, though “threshold,*’ is weaker and less pronounced 
than when tt/to is high The elements concerned m the exhibition 
of the response are elements having to do with intensive discnmina- 
tion, not directly with the magnitude of sensory effect (“bnghtness”) 
at whiOh the discnmination takes place, no difilculty therefore arises 
in the addition of elements due to excitation of rods and of cones, 
since the locus mvolved is presumably central, not retinal 

Certam features of the variability of Ii can on this theory be ac- 
counted for in the same general way as used for the data at different 
temperatures (Crozier, Wolf, and Zerrahn-Wolf, 1936-37 d) At a 
given F a higher I is required for reaction the longer the proportion 
of hght time in a flash Therefore the greater the chance of moment- 
to-moment fluctuation in the mean effect produced by the flash 
From the relationship 

ffp = K,rj (dF/dl) 

{cf Crozier, Wolf, and Zerrahn-Wolf, 1937-38 c) it can be seen that, 
for a given ratio Zl/Zd, (Tf = E' dF/d log I, the proportionahty con- 
stant K' must be independent of h/to, consequently /m and ctj, must 
be m the same proportion at all values of h/to (Fig 13) 

To what extent this should be true when not light and darkness 
but two mtensities of illumination are flashed m succession awaits 
mvestigation Measurements are needed m which Ii is not zero, but 
Ii and h are both fimte intensities which are vaned 
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VI 

SDMMARV 

From the relations between cntical lUummation m a flash (7„) 
and the flash frequency (F) for response of the sunfish to visual flicker 
when the proportion of bght time to dark time (ii/lo) m a flicker cycle 
IS varied at one temperature (21 5°) the followmg results are obtamed 
At \alues of fi/fo between 1/9 and 9/1 the F - log curves are 
progressively shifted toward higher intensities and lower F„„ 
F„ IS a declimng rectihnear function of the percentage of the flash 
cycle time occupied by light 

The rod and the cone portions of the flicker curve are not shifted 
to the same eirtent 

The cone portion and the rod region of the curve are each well de- 
scribed by a probabihty mtegral In terms of F as 100 F/Fm . 
the standard deviation of the underlying frequency distnbution of 
elemental contributions, summed to produce the effect proportional 
to F, IS independent of h/h 

The magmtude of log I„ at the mflection point (tO, however, m 
creases rectiUnearly with the percentage bght time m the cycle 
The proportionabty between F„ and vr, is mdependent of 
These efl^ects are mterpreted as consequences of the fact that the 
number of elements of excitation available for discrimination of 
flicker IS increased by mcreasing the dark interval m a flash cycle 
Becreasmg the dark mterval has therefore the same kmd of effect as 
reducmg the visual area, and not that produced by decreasing the 
temperature 

CITATIONS 

Cobb, P W 1934, J Opi Soc Ammca, 24, 107 

Crozier, W J , 193S-36, J Gen Physiol , 19, 503 1936 Proc Nat Acad Sc 

22, 412 1937 23, 71 

Crozier W J and Holway A H , 1937, Proc Nat Acad Sc , 23, 23 
Crozier W J , Wolf E , and Zerrabn Wolf, G 1936-37 o J Gen Physiol 
20,211,1936-37 6,20, 363 1936-37 c, 20, 393 1936-37 d 20,411 1937 

Proc Not Acad Sc , 23, 516 1937-38 o J Gen Physiol , PA, VI 1937-38 fr 

21, 223, 1937-38 c m press 

Holway A H , and Crozier W J , 1937, Proc Nat Acad Sc , 23, 509 



334 


CRITICAL FLICKER FREQUENCY IN SUNFISH 


Hecht, S , Shlaer, S , and Smith, E L , 1935, Intermittent light stimulation and 
the dupLcity theory of vision, in Cold Spring Harbor symposia on quanti- 
tative biology. Cold Spnng Harbor, Long Island Biological Association, i 
3, 237 

Hecht, S , and Verrijp, C D , 1933, Proc Nat Acad Sc , 19, 522 1933-34, 

J Gen Phystol , 17, 269 

Hecht, S , and Wolf, E , 1932-33, J Gen Physiol , 16, 369 
Hoagland, H , 1935, Pacemakers m relation to aspects of behavior, Macmillan 
Company, New York 

Ives, H E , 1922, J Opt Soc America, 6, 343 
Ives, H E , and Kingsbury, E F , 1916, Phil Mag , 31, senes 6, 290 
Pi€ron, H, 1922, Arch nierl physiol, 7, 199 1928, Ann Psychol, 28, 98, 

1935, 36, 1 

Porter, T C , 1898, Proc Roy Soc London, 63, 347, 1902, 70, 313 
Wolf, E, and Zerrahn-Wolf, G, 1934-35, J Gen Physiol, 18, 853, 1935-36, 
19, 495, 1936-37, 20, 767 



CONCENTRATION AND PURIFICATION OF 
BACTERIOPHAGE 

Bv JOHN H NORTHROP 

{From the Laboratories oj The Rockejcller Institute for Medical Research 
Pnnuton N J) 

(Accepted for publication August 14, 1937) 

INTRODnCTION 

Many of the reactions now known to be caused by enzymes were 
long considered to be "vital” processes and to differ quabtatively from 
ordmary chemical reactions This pomt of view was held by many 
workers until Buchner succeeded m causmg fermentation of sugar 
without hvmg cells This expenment (1) ended the controversy over 
the nature of “enzyme” reactions but at about the same time Iwanow- 
ski (2) and Beijermck (3) discovered an entirely new class of “active 
agents” which have become known as filterable viruses and a new con 
troversy, sumlar to the old enzyme controversy immediately arose 
The bacteriophage first described by Twort (4) and by d’Herelle 
(5) represents one of this group of “active agents” and m many 
respects is more amenable to quantitative work than others It 
possesses, in common with the other “viruses,” the property of m 
creasing m the presence of hvmg cells and for this reason has been 
considered to be itself a hvmg otgamsm It has been found that pep 
sm and trypsm under certain conditions also possess the property of 
mcreasmg autocatalytically and there are, of course, many other 
known autocatalytic reactions The entenon of mcreasmg m quan 
tity, or “growth” therefore does not distinguish sharply between en 
zymes and hvmg orgamsms This fact has been clearly recognized 
by Bordet (6) and his collaborators who considered the bactenophage 
to he an abnormal product of metabohsm A similar pomt of view is 
held by Zmsser (7) Stanley (8) has recently shown that the virus of 
tobacco mosaic is, m all probability, a protem and it will be seen below 
that the bactenophage is probably also a protem and that its 
335 
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properties may be explained by much simpler assumptions than 
those involved in the view that it is a living organism 

The most successful of the many attempts to purify and isolate 
bactenophage was carried out by Bechhold and Schlesinger (9). 
Schlesinger (10) obtamed from B coh lysates a suspension of particles 
of about 90 mju diameter which he considered to be the active agent 
itself This preparation was extremely active and was free from bac- 
terial protein but no convincing evidence of its punty was obtained 
Bechhold (11) considered the particles to be living cells 

Most of the work has been done with small quantities of crude ma- 
terial and has been earned out entirely m solutions Expenence in 
the purification and isolation of enzymes has shown that it is essential 
to have in hand large enough quantities so that weighable amounts of 
solid matenal are available Since even concentrated bactenophage 
cultures contain only a few milhgrams of organic matter per millihter 
and since it is to be expected that the active principle is at most a 
few per cent of this amount it is evident that large quantities of cul- 
ture must be handled It is also essential to have an accurate method 
for activity measurements as otherwise small vanations in activity 
cannot be detected and hence the progress of purification cannot be 
accurately followed Large quantities of culture cannot be handled 
efficiently during chemical manipulation without contarmnation with 
other organisms so that it is also necessary to have a titration method 
which can be used m the presence of contaminating organisms 
Pathogenic organisms present a further difficulty owing to the care 
with which they must be handled 

Cultural Methods Used 

The above considerations led to the selection of a culture of staphy- 
lococcus and Its accompanying phage isolated by Glaser and by Shope 
(12) from house fhes The orgamsm is non-pathogenic and the phage 
may be titrated by a modification of Krueger’s (13) accurate titration 
method Preliminary expenments showed that broth cultures con- 
tamed so much inert matenal that purification was extremely difficult 
Smee the phage concentration is proportional to the bactena concen- 
tration It should be possible to obtam very concentrated phage solu- 
tions by causing lysis to occur on agar cultures This was found to 
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be true and washings from such lysed cultures may he many hundred 
tunes as active as broth cultures They also were found to contain 
too much foreign matenal to handle 
It became evident that a synthetic media would have to be found 
but smce staphylococa do not grow on the usual synthetic media a 
good deal of work was done before such a medium was obtamed It 
was eventually found that an cvtract of dned yeast in boihng water 
gave a practically protein free solution which was an excellent medium 
for growth Conditions were worked out for the production of this 
media in 200 hter lots and for the growth and subsequent lysis of the 
culture m this quantity without previous autoclavmg 
The lysed solution obtamed m this way was shghtly yellowish and 
clear It contamed about 10 [ph u ]ml *, about 0 02 mg protem nitro 
gen per ml , and some mucm like matenal It could not be preap- 
itated with neutral salts nor fractionated by any of the usual methods 
This IS usually the case with such dilute solutions, espeaally if they 
contam mucm Some of the mucm like matenal was removed with 
lead acetate and the filtrate concentrated in vacuo at 30°C to 1/20 
Its volume There was no loss in activity durmg this operation and 
the solution was now suffiaently concentrated so that the usual 
methods of protem fractionation could be used with some hope of 
success A good deal of the mucm and mert protem could be re 
moved by filtrabon with Filter Cel but the resultmg solution still 
could not be fractionated In the meantime it had been found that 
the active pnnciple was not attacked by trypsin Trypsm was there 
fore added to this filtrate and the solution allowed to stand at 10°C for 
several days At the end of this time all of the mert protem had been 
digested and the solution could now be readily precipitated with 0 6 
saturated ammomum sulfate The preapitate obtamed m this way 
IS brownish The color is removed by charcoal m alkahne solution 
and the protem repreapitated with 0 6 saturated ammonium sulfate 
The preapitate is filtered with Filter Cel to remove traces of charcoal 
and some mert protein The details of the procedure are shown in 

* One phage unit (ph u ) is dehned as the quantity of active agent which will 
cause Ivsis of S ml of standard suspension in 1 hour at 35 C The usual broth 
lysates contain about one [ph u [ ml on this scale This unit is equal to about 
lot® ph u as defined b> Krueger (13) 



TABLE I 

Preparation of Bacteriophage 
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Table I whjch represents about an average experiment The yield 
vanes from 10-80 per cent of the ongmal phage activity It rviU 
be noticed that through the first five steps there is a rapid decrease 
in protein but no loss in activity and at this point the specific activity 
of the preparation ([ph u ]mg protem nitrogen) is the same as the 
final preparation In succeedmg steps, however, there is, at each 
preapitation, a loss in activity without loss of protein, » t , inert 
protein is formed This loss of activity dunng the process of pun- 
fication has greatly increased the difficulty of the work Crude phage 
solutions are extremely stable and may be kept for years at CC with- 
out loss of activity As punfication proceeds the preparation becomes 
mcreasmgly unstable, so much so that many of the usual methods 
cannot be used Thus, filtration of any active prenpitate results m 
loss of much activity and if the filtration be earned on until the pre- 
apitate is dry the activity is completely destroyed Prolonged cen 
tnfuging mactivates the matenal and concentration m Wyckoff’s 
ultracentnfuge also causes more or less complete mactivation On 
the other hand, settlmg by gravity causes very httle loss and this 
method is therefore used as much as possible 

The ongmal concentration of active phage present m the crude 
culture may be calculated from the specific activity of the final product 
and IS found to be about 1 mg per hter This is very much less than 
that found by Schlesmger with coh phage The difference may be 
due to the greater activity of the present preparation or coh phage 
may actually be found in much larger quantity than is the staphylo 
coccus phage 

General Properties of the Preparation 

Composition — ^The matenal obtained in this way has the composi 
tion of a nucleoprotein (Table If) It contains less than 1/10 per 
cent glucosamin and about 1 per cent glucose The phosphorus con 
tent IS higher than that reported by Schlesmger There is a marked 
mcrease m aimno nitrogen after aad hydrolysis Hydrolyzed solu 
tions give a precipitate with alkahne silver mtrate mdicating the pres 
ence of purme bases 

The activity is destroyed by chymo trypsm but not by trypsin, 
by heatmg to S0°C for 5 mmutes, by aadity greater than pH S 0, 
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and by glycerine, alcohol, and acetone It is most stable in solution 
in about 25 per cent saturated ammonium sulfate pH 7 0 but even 
under these conditions it loses activity at tlie rate of about 10 per cent 
a day at 10°C 

Camahon of Lysts by Purified Phage —In the method used to titrate 
phage activity, lysis is not caused directly by the phage added but 
by the phage produced from this onginal quantity dunng the test 
It seemed possible that several substances might be formed during 
this reaction and that the purified phage alone could not cause lysis 
It was found, however, that addition of sufificient punfied phage to 


TABLE n 

Analysts of Various Phage Preparations 


Preparation 
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bnng the final phage concentration up to that present m a culture 
inoculated previously with a small amount of phage, caused immediate 
lysis The result of such an experiment is shown m Fig 1 In this 
figure 5 ml of a standard bactena suspension was moculated with 
0 001 [ph u ]ml At the end of 2 hours the phage concentration had 
mcreased to 10 [ph u ]ml and lysis began 15 [ph u ]ml purified phage 
was then added to a control tube (B) Lysis began immediately 
showmg that lysis may be caused by punfied phage 
Dead bactena, on the other hand cannot be lysed by punfied phage 
whereas crude phage solutions cause slow lysis This confirms Bron- 
fenbrenner’s (14) results 
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Minimum Quantity of Phage Necessary to Produce iyns— Since 
growth of the bactena is necessary for the production of phage it is 
evident that the minimum quanbty of phage necessary to cause lysis 
depends on the concentration of the bactena suspension used It 
follows from the analysis of the reaction, descnbed m a previous paper 
(IS), that this effect disappears with very dilute bactena suspensions 
and that under these conditions the quantity of phage required to 
produce lysis should be independent of the volume and concentration 
of the bactena suspension 



Fio 1 Lysis caused by addition of purified concentrated phage 

The results of an experiment m which a senes of tubes of very dilute 
bactena suspension (about 100-1000 bactena/ml ) were moculated 
with decreasmg quantities of purified phage are shown m Table HI 
From the number of such samples which show lysis it is possible by 
probabihty theory to calculate the average number of phage “units” 
per millili ter of the ongmal solution on the assumption that one or 
more phage umts will cause lysis under the conditions of the expen- 
ment Tables for this calculation have been prepared by Halvorsan 
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and Ziegler (16) and the present results are calculated from their 
tables 

When calculated in this way the final value of the quantity re- 
quired to give positive results should be independent of the dilution 
if one parbcle can be detected and this is the result for phage titrations 
earned out by Feemster and Wells (17) The present experiments 
show a drift to smaller values of the “unit” as the dilution increases 
which would be the case if more than one particle were required to 
mitiate the process The number of determinations is too small to be 

TABLE ni 

Minimum Quantity of Phage to Cause Lysis 
Phage solution diluted four tunes 5 500 with sterile normal saline, then diluted 
10 100 four times with sterile broth Fresh bulb pipette used for each dilution 
Pipette nnsed five times in solution before removing sample 1 ml samples from 
each dilution added to senes of 5 ml (or 500 ml ) broth contammg about 1000 
staphylococci/ml , 37°C Number of tubes showmg growth determmed after 
1, 2, 3 days 


Protein N/ml added, mf 
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0 95 

0 83 
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Protem N/phage 

0 05 
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0 6 

0 9 
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umt 10'*^ mg 

30 

15 

15 

10 
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certain of the conclusion On the other hand it may be mentioned 
that Feemster and Wells added the bacteria to the phage suspension 
before samphng and smee the phage is taken up by the bactena it is 
possible that this method tests for the number of organisms which 
contam sufficient phage to detect rather than the number of phage 
particles themselves 

The results of the present titrations show that about 1 X 10"^® mg 
protein nitrogen of punfied phage will cause lysiS This is equivalent 
to about 5 X 10~” mg protem and if this quantity is assumed to be 
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one molecule then the gram molecular weight of the material is this 
number times Avogadro’s number or S X 10“'’ X 6 X 10” = 30 X 
10'° mg = 30 X 10’ gm This is about the same order of magnitude 
as found by Schlesmger (10) for the molecular weight by sedrmenta 
tion velocity method m concentrated solution but is larger than that 
found by diffusion in dilute solution 

These results show that the presence of one or, at most, verj few 
phage molecules (particles) can be detected If this result is cor 
rect it IS evidently impossible to account for the reactivation of 
inactivated phage by the assumption that inactivation was incom- 
plete 

Stee of Phage Particle {Molecular Weight ) — Filtration experiments 
by Elford and Andrews (18) result in a calculated diameter for staphy - 
lococcus phage particles of about 90 m/i(9 X 10“°cm ) This corre 
spends to a molecular volume of 4/3 XirX (S X 10“°)’ X 6 X 10” or 
36 X 10’ cm’ Bronfenbrenner and Muckenfuss found, however, 
that some active material passed through much smaller pores Bron- 
fenbrenner and Hetler (14) by the diffusion method also found a much 
smaller value correspondmg to a radius of about l-lOmp or a molec 
ular weight of about 10,000-800,000 Bronfenbrenner considered 
that in crude phage solutions part of the phage was combmed with 
bacterial debns and that the phage particle itself was represented by 
the smaller figure 

Bronfenbrenner’s diffusion experiments with crude phage were 
repeated and confirmed during the present work and it was expected 
that purified solutions would give constant values correspondmg to 
the small particles It was found, however, that concentrated puri- 
fied phage solutions which contained 0 1 mg protem per ml or more 
gave very small diffusion values {D = about 0 001 cm ’/day ) corre 
spondmg to a molecular weight of many milhon If the diffusate 
from such experiments was replaced in the diffusion cell (19) and the 
diffusion repeated a constant value of about 0 02 cm ’/day was ob tamed 
correspondmg to a molecular weight of about 500,000 If the original 
solution IS diluted to the corresponding concentration (about 0 01- 
0 001 mg protem/ml ) the same value for the diffusion coeflncient of 
0 02 cm ’/day was obtained It was further found that even con 
centrated phage solutions gave the same value for the first small 



344 CONCENTRATION AND PURIFICATION OP BACTERIOPHAGE 


amount of phage which diffused out These results confirm Bronfen- 
brenner’s conclusion that there are various size phage particles but 
the smallest found m the present work had a diffusion coefficient of 
about 0 02 cmVday They indicate, in addition, that the small 
and large particles are in equihbnum since by simple dilution the 
large value for the diffusion coefficient is obtained 


TABLE rv 


Diffusion Coefficient 


Diffusion method of Anson and Northrop — 10°C 

Inside solution — bacteriophage dissolved in 0 20 saturated ammonium sulfate 
pH 7 0, 45 ml 

Outside solution — 0 16 saturated ammonium sulfate pH 7 0, 15 ml 


Experiment No 

Tune 

Diffusion coefficient cm J/day 

By phage activity 

Bj protein nitrogen 


days 



1 

3 




6 


0 016 

2 

7 

0 015 

0 026 

3 

3 

0 017 



6 

0 037 


4 

6 

0 016 



Average 

0 022 ± 0 004 

0 021 ± 0 004 

5 Outside 

solution from 



Experiment 4 

0 019 



Average D = 0 021 cm Vday 
RT 117X10-® cm 


= 5 6 X 10-^ cm 


DN6 0 021 

i? = 8 3 X 10’' ergs degree"^ mol"’, N = 6 06 X 10^® mol-^, T 


= 0 015 ergs sec cm 
Mol volume = 4/37rr®N = 450,000 cm ® 


283 degrees, 


Assumed density = 13 


Mol weight = 580,000 

1 molecule = == ^ ^ ^ ^ ^ (approximate) 

o X 10 


A summary of several expenments in which the diffusion coefficient 
was determined by both protem nitrogen and phage activity is shown 
in Table IV It is evident that the protein nitrogen and the activity 
diffuse at the same rate 
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Rate of Sedimentation in Ultracentrifuge — Svedberg (20) has shown 
that the molecular weight may be calculated from the rate of sedimen 
tation m a centnfugal field Schlesinger (10), by this method, had 
calculated a diameter of about 90 m/i agreeing with the filtration 
figure but this result was obtained with concentrated solutions Gra- 
tia (21) obtamed smaller values 

The sedimentation veloaty of purified phage has been measured by 
Wyckoff (22) who found the preparation to be practically homoge- 
neous m size and to have a sedimentation content of 650 X 10“” 
cm dyne“* sec corresponding to a molecular weight of hundreds of 
millions This determmation again was necessarily done in concen 
trated solution 

The sedimentation constant unfortunately cannot be detenmned by 
the centrifuge method m the range of concentration (<0 01 mg /ml ) 
m which the diffusion method shows the phage to be of much smaller 
size It is possible, however, to test quahtatively the effect of dilu 
tion by centrifuging solutions of different concentrations m relatively 
large tubes and detenmmng the phage concentration in the top and 
bottom half of the tubes Ii the active particles are all of the same 
size, or if they are a mixture of several different sizes which are in 
dependent of each other, then it would be expected that the ratio of 
the concentration m the bottom half to that m the top would be con- 
stant at all concentrations, while if there were large particles which 
dissociated into small ones on dilution then the ratio of the bottom 
to top would decrease as the solution was dduted The results of 
such an experiment ace shown m Table V All tubes of any one ex 
penment were centrifuged together in the same head A tube con 
taimng tobacco mosaic virus protein, which is known to have a molecu- 
lar weight of 17 milhon (Stanley (8)) is included for companson The 
results show that the more dilute the solution the smaller the fraction 
of the phage which is found m the bottom half of the tube They 
also indicate an equibbnum between large and small particles since the 
bottom portion of a solution which has been sedimented behaves upon 
dilution just as the top half of the same solution when diluted to the 
same concentration They show further that m dilute solution the 
phage particle sediments more slowly than does tobacco mosaic 
(molecular weight 17,000,000) while m concentrated solution it sedi 
ments more rapidly 
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The results as a whole indicate that phage exists in solution in 
vaiying sized particles with a maxunum diameter of about 1 X 
10-® cm (100 mju) corresponding to a molecular volume of about 

TABLE V 

Effect of Concenlrahon on Rate of Sedimenlalt 07 i of Phage Sohilions 
Solution m 10 cc cups in WyckofF air centrifuge, 20 mm at 40,000 X gravity 
Top half pipetted off and phage concentration determined in top and bottom half 
of solution 


Solvent 

1 0 25 saturated ammonium sulfate n/ 20 sodium phosphate pH 






about sp gr 1 10 




Onginal phage cone [ph u ] ml 

300 

100 

30 


3 

1 

1 03 

Bin 

|003 

[ool 

phage protein N y/ml 

60 

20 

6 

m 

06 

0-2 


1 0 02 


20^ 

Exp 

No 

Solution 

Ratio bottom half/top half 

1 

22 


40 


la 

m 

■ 



■ 

■ 

■ 

23 ! 

Bottom solution from 22 



in 

■ 

■ 

6 


■ 

■ 

■ 

24 

1 

30 

30 

17 

■ 

m 



■ 

■ 

■ 

26 1 

Crude phage 




■ 

■ 

3 5 


■ 

■ 

■ 


Top solution from 24 




■ 


4 5 


■ 

■ 



Bottom solution from 24 




1 

■ 

3 0 


m 

■ 

■ 


Solution 

1 Sp gr 1 03 40,000 X gravity 15 min 

1 half 

Ratio bottom half/top 


fji/lO phosphate pH 7 4 

1 










11 

j 0 05 sat ammonium sul- 





i 


i 





[ fate 


i 


350 

140 

75 





39 

Crude phage solution 
Crude phage solution pH 

1 

1 

1 

1 

40 

1 



1 

1 




8 5 






3 





40 

Crude phage diluted with 






1 






n/ 20 sodium phosphate 
pH 7 4 plus mactive 
phage 




400 


300 


250 


100 

43 

a it « 




350 



100 



30 


Crude phage diluted rvath 












n/ 20 sodium phosphate 












pH 8 0 






5-10-15 

4 




39 

Tobacco mosaic 









— 


300,000,000 cm ® and a minimum diameter of about 1 X 10-® cm 
corresponding to a molecular volume of about 500,000 cm 
When the solution is diluted with an inactivated portion of the same 
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solution the eSect of dilution on the sedimentation rate is less marked 
Measurements of such inactive solutions, by the usual ultracentnfuge 
techmque show that they contain only small molecules with a sedi- 
mentation constant corresponding to a molecular weight of about 
500,000 which is the same as that found for the acti\e particles m 
high dilution If the small mactive particles could enter into the 
equihbnum with the active ones the effect would be to decrease dis 
sociabon on dilution 

No loss in activity occurred during these experiments 

Svedberg (20) and his collaborators have found that some proteins 
of high molecular weight, espeaally certam hemocyanines, also dis 
sociate into smaller molecules In this case the small molecules ap 
pear even in concentrated solution m alkahne pH ranges Wyckoff 
(22) has found that some virus proteins also dissoaate in alkahne 
solution It IS evident, however, that if the various size particles 
are m equihbnum in alkahne solution they must be m equihbnum at 
all ranges of acidity although the percentage of the smaller ones pres 
ent may be extremely small However, if the solutions were mfinitely 
dilute the protein would be present as small molecules at all pH This 
appears to be the case with bactenophage 

Activity of Small and Largo Phage Molecules — ^The preceding expen 
ments mdicate that phage is present m solution in the form of large 
and smaE molecules which are m equihbnum with each other Smee 
the large molecules mcrease as the concentration mcreases, the ac- 
tivity of the solution would increase faster than the total concentra- 
tion, if the large molecules alone were active, and more slowly if the 
smaU molecules alone were active Actually, it is found that the time 
reqmred to cause lysis is inversely proportional to the log of the phage 
concentration instead of to the concentration itself as is usuaUy the 
case with enzyme reactions This result, however, can be denved 
(15) from the pecuhar relation between bactena growth and phage 
production and therefore does not necessarily mean tliat the phage 
activity mcreases more slowly than the concentration It must be 
remembered also that the activity measurements are aE earned out in 
dilute solution (< 17/inl ) m w^ch range the phage is present prac- 
ticaUy entirely m the form of small molecules The question as to 
the relative activity of the large and smaU molecules cannot therefore 
be defimtely decided at present 
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Relahon of Phage Activity to the Protein — If the nucleoprotein is 
really the active agent it would be expected that denaturation or 
digestion of the protein would result in corresponding loss in activity 
The protein is instantly inactivated in solution more aad than pH 
4 7. No visible precipitate forms, even m the presence of salt, but 
the solution becomes more viscous and the denatured protein may be 
filtered out Measurement of the sedimentation constant shows the 

TABLE VI 

Inachvahon and Denaluratton at Various pH 
Noted amount m/1 acetic aad added to 5 ml phage solution m m/10 pH 7 0 
phosphate buffer, pi saturated ammonium sulfate Solution at 20°C for 5 
minutes, titrated back to pH 7 0 by 1 M ammonium hydroxide 0°C for 24 hrs 
Filtered at O^C through No 42 paper Samples removed and analyzed for 
ph u and protein N as noted 


MI u/1 acetic acid 

0 

07 

10 

pH (colonmetric) 

70 

47 

44 


ml 

Is 

Ipk u) 
mg pro 
ItinN 

IP^ ft I 

tm 

B 


Iph ij] 
ml 

Iprolttn 
m ml 

tpi u}mj 
prokiii N 

Solution analyzed 



1 







immediately after 
neutralization. 

No 1 1 

500 

0 08 

6300 

500 

0 08 

6300 

1 0 

0 08 

1 0 

After 24 hrs O^C , 
No 2 

Solution No 2, 

500 

0 08 

6300 

500 

0 08 

6300 

1 0 

0 08 

1 0 

Filter No 42 

500 

0 07 

6600 

420 

0 06 

7000 

1 0 

<0 00l|>1000 


' 2 ml 

solution No 2 plus 4 ml 

1/4 saturated ammonium sul- 


fate — viscosity mei 

isured 25'’C 





y sol 



1 3 



1 3 



1 55 












denatured protein to be of much smaller molecular weight than the 
active protein 

The result of an expemnent in which the protem was denatured by 
acid is shown m Table VI At pH 7 0 and 4 7 there is no change in 
activity m 24 hours At pH 4 4 practically all the activity is lost 
after 5 minutes at 20°C , the total protem content remains constant 
but the viscosity increases and after standing at 0°C for 24 hours the 
denatured, inactive protein may be filtered off 
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InacUvation and Veiiaturallon at Vartotts Temperatures — ^The result 
of an experiment in which solutions at pH 7 0 were heated varying 
lengths of time at different temperatures is shown m Table VH The 
loss in activity is agam accompamed by the formation of denatured 
protem It may be noted that the specific activity ([phu]mg 
protem N) m this ei^ienment is low throughout and at 55°C tends to 
decrease This mdicates that the preparation already contamed 
some denatured protem and also that the separation of native and 

TABLE vn 

Inactivation and Denaluration of Phage Protein Solution pH 7 0 at Vanoas 
Temperatures 

Solution in u/10 pH 7 0 phosphate, saturated animonium sulfate left at 
temperatures shown and samples removed and cooled to 0°C for 24 hrs after 
time mterval shown Samples hltered through No 42 paper at O^C and activity 
and protein mtrogen detenmned on filtrate 


Temper*- 

tore. 

Si c. 

SI c. 

1 

2$ C 

0 C 

time 

ihhbhii 


■mm 

mmHUi 

tirt 

1#* 
ml ' 

^ ml 

Ifih m] 
mt ' 
Proton 
N 

« 1 
net 

Itfotan 

1 

pfokin 
ff 1 

1#^ ,« 1 
ml 


IpS w) 

pT teift 
ff 

*) 

*tt 


mt . 
ireltiH 

ff 


^9 



SO 

0 015 

3500 

^3 


BSg 

^3 


IBtl 


10 













5 





























2 ' 



15 


KllMl 




72 0 







5 
















20 


KJUIJ 




\ 







. 2 

lilllji 



denatured protem is not quantitative This effect was also noted m 
analyzmg known nuxtures of native and denatured protem and renders 
this type of experiment less conclusive 
Krueger and Mundell (23) have shown that such heat mactivated 
phage may be reactivated under certam conditions Lommski (24) 
has also reported similar results This is probably a case of the re- 
versal of denaturation of a protem and may furnish the explanation 
for Kendall’s (25) experiments m which it was found that active phage 
may be obtamed from autoclaved solutions 
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Hydrolysis of Phage by Various Ensymes — ^The literature concerning 
the digestion or inactivation o£ phage by enzymes, especially “tryp 
sm," IS controversial This is probably due to the fact that crude 
trypsm preparations, which contam several enzymes, have been used 
It was found m the present worh that phage was mactivated by 
chymo-trypsm (26) but not by trypsm The denatured protem is not 
hydrolyzed by either pepsm, trypsm, or chymo trypsm The effect 
of these enzymes on active and mactive phage preparations is shown 
m Table VIII It will he noted that there is no significant change m 
the concentration of total protein nitrogen There is, however, a 
quahtative change m the protein when the activity is destroyed by 
chymo trypsm After inactivation the protem has the same proper- 
ties as protem denatured by heat and may be removed by filtration 
or centrifugation There is m this case also an mcrease m viscosity 
and concentrated solutions set to a gel This action of chymo trypsm 
on the bactenophage therefore appears to be very similar to its action 
on casern (26) Dilute chymo trypsm causes milk or casein solutions 
to clot without any marked change in total protem concentration 
although more concentrated enzyme solutions do digest the protem 
The concentration of chymo trypsm required to mactivate phage so 
lutions IS very much higher than that required to clot milk and it 
IS probable that still higher concentrations would hydrolyze the 
protem but the accurate determmation of phage protem m the 
presence of such large amounts of chymo trypsm is eiqienmentally 
difficult 

The results of a senes of experiments m which the loss m phage 
activity was compared with the denatured protem formed is shown 
m Table EC The rate of inactivation of the phage is proportional 
to the concentration of chymo trypsm, mdicatmg a true catalytic 
reaction Shghtly more protein was denatured than corresponded 
to the loss m activity so that the protem remainmg was shghtly more 
active than the onginal but the difference is hardly outside the ex- 
perimental error 

Sedimentation of Phage Activity and of the Protein in the UUracen- 
trifnge — It was stated above that the preparation was found to be 
homogeneous when exammed m the analytical centrifuge In the 
absence of other evidence, however, this result cannot be considered 
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The results as a whole indicate that phage exists m solution m 
varying sized particles with a maxunum diameter of about 1 X 
10-^ cm (100 m;u) corresponding to a molecular volume of about 

TABLE V 

Effect of Concentration on Rate of Sedimentation of Phage Solutions 
Solution m 10 cc cups m Wyckoff au: centrifuge, 20 mm at 40,000 X gravity 
Top half pipetted off and phage concentration determmed m top and bottom half 
of solution 


Solvent. 

1 0 25 saturated ammonium sulfate if/20 sodium phosphate pH 






about 7 5 sp gr 1 10 




Onginal phage cone [ph u ] ml 

300 

[B9 

30 

10 

3 

1 

03 

nfn 


0 01 

o phage protem N 7 /ml 

60 

1 20 

6 

2 

06 

02 

0 06 

I 0 02 

|0 00( 

i 0 002 

Eip 1 
No 

Solution 

Ratio bottom half/top half 

22 


40 


15 


6 


2 5 




23 

Bottom solution from 22 



14 
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24 


30 

30 

17 


6 


3 5 
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Top solution from 24 | 
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300,000,000 cm ^ and a minimum diameter of about 1 X 10 ® cm 
correspondmg to a molecular volume of about 500,000 cm ^ 

When the solution is diluted with an mactivated portion of the same 
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solution the efEect of dilution on the sedunentation rate is less marked 
Measurements of such mactive solutions, by the usual ultracentnfuge 
techmque show that they contain only small molecules with a sedi 
mentation constant corresponding to a molecular weight of about 
500,000 which is the same as that found for the active particles m 
high dilution If the small mactive particles could enter mto the 
equihbnum with the active ones the effect would be to decrease dis- 
sociation on dilution 

No loss m activity occuned dunng these erpenments 

Svedberg (20) and his collaborators have found that some protems 
of high molecular weight, espeaally certam hemocyamnes, also dis 
soaate mto smaller molecules In tins case the small molecules ap 
pear even m concentrated solution m alkahne pH ranges Wyckoff 
(22) has found that some virus protems also dissoaate m alkalme 
soluhon It is evident, however, that if the vanous size particles 
are m equihbnum m alkalme solution they must be m equihbnum at 
all ranges of acidity although the percentage of the smaller ones pres 
ent may be extremely small However, if the solutions were mfimtely 
dilute the protem would he present as small molecules at all pH This 
appears to be the case with bactenophage 

Aclmly of Small and Large Phage Molecules — ^The precedmg expen- 
ments mdicate that phage is present m solution m the form of large 
and small molecules which are m equihbnum with each other Smce 
the large molecules mcrease as the concentration mcreases, the ac 
tivity of the solution would mcrease faster than the total concentra- 
tion, if the large molecules alone were active, and more slowly if the 
small molecules alone were active Actually, it is found that the time 
reqmred to cause lysis is inversely proportional to the log of the phage 
concentration instead of to the concentration itself as is usually the 
case with enzyme reactions This result, however, can be denved 
(15) from the pecuhar relation between bactena growth and phage 
production and therefore does not necessarily mean that the phage 
activity mcreases more slowly than the concentration It must be 
remembered also that the activity measurements are all earned out m 
dilute solution (< 17/ml ) m which range the phage is present prac- 
tically entirely in the form of small molecules The question as to 
the relative activity of the large and small molecules cannot therefore 
be defimtely decided at present 
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IS gradually transformed to the active enzyme, trypsin (31) This 
reaction is autocatalytic just as is the rate of mcrease of bactenophage 
Siimlarly, an mert protein has been isolated from gastnc mucosa 
which, when inoculated with pepsin under proper conditions, is trans- 
formed into active pepsin (32) The reaction is agam autocatalytic 
The i mm unological relations have been worked out in the latter case 
and found to be similar to those of the bactenophage or tobacco mosaic 
systems (39) The pepsin is immunologically distinct from the other 
protems of the animal and also from its inactive precursor The en- 
zyme and its precursor are, m an immunological sense, foreign protems 
as IS the protein of the lens or the bactenophage or tobacco mosaic 
protem A further analogy with the phage and the viruses consists 
m the fact that pepsin of one species may be “adapted” to another 
species since if swine pepsinogen is inoculated with chicken pepsm, 
swme pepsm is produced, and not the chicken pepsm used for mocula- 
tion (33) 

It will be noted that, although other enzymes may be “grown” by 
an autocatal)^c reaction m solutions of then precursors, this reaction 
is not synthetic but is probably an hydrolysis It is extremely im- 
probable that any protem can be synthesized by a purely catalytic 
reaction under biological conditions smce it is known that under such 
conditions of temperature and pH protems hydrolyze slowly mto their 
constituent ammo acids and this process may be accelerated by a 
number of catalysts If, now, another catalyst could be found which 
would cause the synthesis of protems from ammo acids without the 
expenditure of energy, a perpetual motion would result ^ There is 

- It IS possible to assume that the reaction 

Protem + H2O ammo aads 

IS reversible but that the concentration of protem at eqmhbnum is extremely 
small Even though only traces of protem were present, still large quantities 
could be formed by this reaction if a mechamsm existed to remove the protem 
from the solufaon If the protem were very insoluble it would be contmually 
removed as it was formed and m this way the total amount formed might be 
large This may be the explanation of “plastem formation” smce the “protein” 
formed is insoluble and smce the reacUon does not occur with protems like gelatm 
which do not form insoluble preapitates m the presence of pepsm 

From this pomt of view the formation of the viruses and bactenophages might 
be accounted for by the assumption that they are polymers of smaller protems 
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good reason to believe, therefore, that the synthesis of protein re- 
quires energy and that it can only take place in a system organized to 
supply this energy, as in a hving cell Thus, the cells of the gastnc 
mucosa synthesize the inert protem, pepsinogen, which is transformed 
to the active enzyme by an autocatalytic reaction 
A similar mechanism will evidently account for the increase of 
bactenophage and other viruses m the presence of hving cells The 
cells syntliesize a "normal” mactive protem When tlie active virus 
or bactenophage is added, this mactive protem or “pro phage” is 
transformed by an autocatalytic reaction into more active phage 
This mechanism accounts for the fact that phage is produced rapidly 
only m the presence of growing cells smee only m growmg cells is syn- 
thesis talcing place Evidently the amount of "pro phage” present 
m the cells at any one time must be small and hence the failure to 
obtain large mcreases of the active agent in the absence of hvmg cells 
IS to be expected It rmght be expected that under certam conditions 
enough of the mert protem would be present to cause a detectable 
mcrease m phage without growth of cells and such a case has recently 
been repotted by Krueger (34) Small increases m phage under these 
conditions have also been reported by Gratia (35) If the “pro phage” 
present m the cells is kept constant while growth occurs the rate of 
formation of the active matenal will be proportional only to the 
amount already present, % e 


and this is the experimental result Smee the rate of the phage reac 
tion IS faster than that of bactenal growth phage will sooner or later 
be formed faster than the “pro phage” and the rate will then depend 
on the growth rate of the bacteria It is possible that lysis occurs 
at this pomt 

The active protem is of much higher molecular weight than most 

and that the process of polymenzation continually removes the ongmal small 
protem molecule from the system. It would still be necessary to assume that 
the small units were formed autocatalytically from the constituent ammo apds 
There appears to be no evidence for this reaction and the whole mechanism is 
more compheated than that outlmed above 
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normal proteins and this is true of viruses in general Svedberg (20) 
and his collaborators have found, however, that some “normal" 
proteins are nearly as large and further that these large molecules 
dissociate under certain conditions mto smaller molecules of the same 
order of size as “normal" proteins This process appears to be revers- 
ible so that there is an equilibrium between large and small protein 
molecules The formation of very large protein molecules from small 
ones, therefore, is quite different from the formation of protein from 
amino acids since it may go in either direction without the necessity 
of added energy The large active protein molecule could, therefore, 
be formed from a small inactive protein molecule without energy 
being added and it is not necessary to assume that this mactive pre- 
cursor IS of very high molecular weight It was shown above that 
there is reason to beheve that phage itself exists in small and large 
molecules which are m equihbnum with each other 

It appears to the writer that the assumption that the hvmg host 
cells synthesize an inert “normal” protein which is changed to the 
active phage by an autocatalytic reaction accounts for the observed 
facts as well as does the far more complicated series of assumptions 
mvolved m the hjqiothesis that the phage itself is a hvmg organism 

Experimental Methods 

Protein Nitrogen Determination — 1 ml of solution is added to 9 ml 5 per cent 
tncMoracetic acid and the suspension allowed to stand at least 15 minutes at 20°C 
Turbidity compared in Klett photoelectric colorimeter (36) with standard suspen- 
sion, the protein nitrogen content of which had been determined by Kjeldahl 
method In the range of from 0 5 to Sy protein mtrogen/ml the colorimeter 
readmg is inversely proportional to the concentration of the suspension For 
convemence a standard suspension may be read agamst m/25 copper sulfate made 
up in m/10 sulfuric acid and a curve plotted This curve may then be used for 
analyzing unknown solutions against the copper sulfate The colorimeter readings 
are accurate to less than 5 per cent but if the protem differs quahtatively from 
that used as a standard the determination may be in error by 50 per cent or more 
It IS therefore necessary to check determinations occasionally by the Kjeldahl 
method, especially durmg the purification process 

Phage Activity —The method used was a shght modification of that described 
by Krueger (13) More concentrated bacteria suspension and more concen- 
trated phage solutions were used in order to shorten the time of the measurement, 
to avoid trouble due to contaminating orgamsms, and to obviate long serial 
dilutions 
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Standard Staphylccocct Suspension — Growth from 18 hour Blake bottles is 
washed off with stenlc broth and the suspension diluted with broth so as to 
contain 03 tnm * bactena/mi as detennined by ceatnfuging method (37) This 
IS equivalent to 0 03 mg protein mtrogen/mL if the bacteria suspension is stand 
ardizedinthecoIoruneteragainstacaseuisoluUonortoaboutl X 10*organisms/ml 
by plate count 5 mL of this standard suspension is pipetted mto a senes of 
2 0 X IS cm sterile test tubes 1 1 ml of the phage solution to be titrated is 
added to one tube, 0 6 ml of this suspension is added to the next tube, 0 56 of 
this to the third, etc. In this way a senes of tubes is prepared containing 1 0 
01,0 01, 0 001 ml , etc of the phage solution The tubes are placed m a shaker 
m the water bath at 36^0 and the tune detenmned at which the turbidity of the 
tubes matches that of a standard tube containing 0 05 mg protem mtiogen/ml 
equivalent The relation of the time of lysis during the bg phase of growth to 
the quantity of phage activity is expressed by an equation of the general form 

i « S log P + C 

If one phage unit is dehned as the quantity of active phage which will cause 
lysis of 5 ml, of standard bacteria suspension ux 1 hour then the equation becomes 

( - JC log P + 1 

The value of K (which is the slope of the tme when log P is plotted against time 
for lysis) depends on the rate of growth of the culture so that anythmg which 
affects the rate of growth affects the determmation It is necessary therefore, 
to use the same broth and, if possible, run the determination sunultaneously if 
stnctly comparable results are to be obtamed Under these conditions an 
error of less than 5 per cent may be obtamed. Determinations made at 
different tunes with different culture media and different bacteria suspensions 
may differ by many times For this reason a senes of dilutions of a crude 
standard phage ’ which was kept at 0 C was run with each set of unknown 
solutions If the value for the standard phage differed significantly from the 
average value obtamed in a senes of measurements the determination was 
discarded 

Under the conditions used in the present work the value of K was 0 6 hour 
and the equation used therefore was 


— logw P 


f ~ I 
060 


Solving for P this gives the following values 

T (hours) 10111213 14 IS 16 17 

P ^hage 

units) 10 or 0 5 0 32 0 22 0 15 0 10 0 07 

The relation holds only during the logarithmic phase of bactena growth which 
under the present ainditions was from 1 hour to 3 hours 
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35,000 liters of crude phage solution have been prepared during the 
course of these experiments and many thousand preparations analyzed 
for phage activity and protein nitrogen This part of the work was 
earned out by Miss Ehzabeth Shears to whom the writer is also in- 
debted for assistance in the preparation of the manuscript 

SUMMARY 

, 1 A method for isolating a nucleoprotem from lysed staphylococa 
culture IS described 

2 It IS homogeneous m the ultracentnfuge and has a sedimentation 
constant of 650 X cm dyne~^ sec corresponding to a molecular 
weight of about 300,000,000 

3 The diffusion coefficient varies from about 0 001 cm V^ay m 
solutions contaming more than 0 1 mg protein/ml to 0 02 in solutions 
containing less than 0 001 mg protein/ml The rate of sedimentation 
also decreases as the concentration decreases It is suggested, there- 
fore, that this protein exists in various sized molecules of from 500,000- 
300,000,000 molecular weight, the proportion of small molecules in- 
creasing as the concentration decreases 

4 This protein is very unstable and is denatured by acidity greater 
than pH 5 0, by temperature over 50°C for 5 nunutes It is digested 
by chymo-trypsin but not by tiypsm 

5 The loss in activity by heat, acid, and chymo-trypsm digestion is 
roughly proportional to the amount of denatured protein formed under 
these conditions 

6 The rate of diffusion of the protein is the same as that of the 
active agent 

7 The rate of sedimentation of the protein is the same as tliat of 
the active agent 

8 The loss in activity when susceptible hvmg or dead bacteria are 
added to a solution of the protein is proportional to the loss in protein 
from the solution Non-susceptible bactena remove neither protein 
nor activity 

9 The relative ultraviolet bght absorption, as determmed directly, 
agrees with that calculated from Gates’ mactivation experiments m 
the range of 2500-3000 A u but is somewhat greater m the range of 
2000-2500 A u 
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10 Solubility determinations stowed that most of the preparations 
contamed at least two proteins, one bcmg probably the denatured form 
of the other Two preparations were obtained, however, which had 
about twice the specific activity of the earlier ones and which gave a 
solubihty curve approximating that of a pure substance 

11 It IS suggested that the formation of phage may be more simply 
explained by analogy with the autocatalytic formation of pepsm and 
trypsin than by analogy with the far more complicated system of 
hving organisms 
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Dunng the later stages of Northrop’s study (1) of the bactenophage 
for S albtis, the writer has had the opportunity of eramining many of 
his preparations with an analytical ultracentnfuge arranged for ultra- 
violet absorption measurements accordmg to the onginal method of 
Svedberg (2) Several thmgs can be learned from the sedimentation 
diagrams of dilute protem solutions photographed in this way — (1) 
the rate of sedimentation of any heavy molecules that may be present, 
(2) the homogeneity, or uniformity with respect to size and shape, 
of these molecules or particles, and (3) the punty of the solution 
The results of the present paper throw hght upon each of these points 
but It IS clear that many of these bactenophage solutions have a com 
plenty that can only be resolved by much more detailed mvestigation 
The mstrument used m these experiments was a development of the 
air dnven machme already descnbed (3) The ultraviolet hght, of 
wave lengths between 2700A and 2300A, was that of a high pressure 
mercury arc passed through the usual chlorme and bromme filters 
In all experiments the photography, which was earned out auto 
matically (4), was such that the mten al between pictures was exactly 
5 minutes and the exposure seconds Preparations of con- 
centrated staphylococcus bactenophage have unusually strong absorp 
tion in the ultraviolet region — for a 2 mm thick cell the optimum 
concentration has been ca 0 3 mg per cc 
The bacteriophage solutions that have been photographed fall mto 
two mam groups — final products of the chemical punfication possess 
mg the greatest concentration of bactenophage activity thus far 
367 
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obtained, and such preparations inactivated by alkali, by chymo- 
trypsin, and by heat AH the very active solutions gave sedunenta- 
tion pictures hke those in Figs 1-5 In general these solutions con- 
tain more than one ultraviolet-absorbing constituent They always 
have shown relatively sharp, rapidly se dim enting boimdanes hke those 
of Figs 1 and 5 but there also have been present larger or smaller 
amounts of an absorbmg matenal that does not sediment to a meas- 
urable extent after 1 hour in a field of 200,000 gravity and sometimes 
traces have been seen of a "gel” structure hke that to be described for 
heat-inactivated solutions The factors which determine the amount 
and the production of these hght contaminants are as yet very mcom- 
pletely understood Experiment (1) shows that all but a trace of the 
bactenophage activity is precipitated from a solution held for an 
hour at 40,000 gravity, this demonstrates that it cannot be a property 
of the hght "unsedimentable” material In view of the comparative 
ease with which it is centnfuged from these concentrated solutions, 
an association of the bactenophage with the sharp, rapidly sediment- 
ing boundary seems probable Though this boimdary is always the 
most conspicuous feature m diagrams made from the final purified 
solutions, the amount of the substance producmg it is not simply 
proportional to the activity Thus, practically inactive solutions 
have given photographs indistmguishable from Fig 1, sumlarly the 
solution yielding Figs 4 and 5 was four tunes as active as that of Fig 1 
though their contents of protein nitrogen were the same Assuming 
that a connection really exists between the heavy boundary and the 
bacteriophage, this must mean that the bactenophage molecule or 
particle may lose activity without a detectable alteration m shape 
or size 

The sedimentation constants of the heavy substance measured in 
different active preparations have varied from about 550 to 670 X 10 
cm sec d}mes-i Of these the upper value is probably near the true 
one There are two reasons for the lower constants that have been 
found The more important one is the presence of “unsedimentable” 
material and of small amounts of gel that raise the viscosity of the 
medium through which the heavy particles are movmg An attempt 
was made to wash these hght impunties away by throwing down the 
heavy substance m the quantity ultracentrifuge This was unsuc- 



RALPH W G WYCROPP 


369 


cessful because some of the activity of the bactenophage seems to be 
lost by one ultracentnfugal precipitation and nearly all is destroyed 
by repetition of the procedure The seemingly low constants found 
in certam samples were due to the presence of ammonium sulfate 
which raised the density of the solven t shghtly above unity Because 
the density of the bactenophage itself appears to be lower than that 
of most protems, it takes relatively httle ammonium sulfate to cause 
a considerable reduction m the rate of sedimentation 
Determinations of density have been possible from compansons of 
the sedimentation rates in water and m quarter saturated ammomum 
sulfate Several years ago Bechhold (5) found for B coh bacterio 
phage a density of 1 10 and considered this evidence for its microbic 
character, the mere fact that staphylococcus bactenophage is readily 
sedimented from its concentrated solutions m quarter saturated am 
monium sulfate shows that its density cannot be so low Two agree 
mg estimates of the density of the heavy component have been made 
One preparation was made up m water and in a salt solution havmg a 
density of 1 10 In water the sedimentation constant ” was 
616 X lO"*', in the salt it was jm = 320 These rates are connected 
by the relation 


1 — Vput 

Jot * 1 — Vpt 

where l/V is the density of the sedimenting heavy particles Sub 
stituting the above constants, V becomes 0 831 and l/V = 1 20 
In another expenment in which the solvent had p = 1 12, r « was 
240 (Tig 4) , the same preparation dduted with water until p = 1 04 
gave Sjo = 495 (Tig 5) The density of the particles producing 
these boundanes calculates out to be 1 19, a value decidedly lower 
than the 1 33 charactenzmg most simple proteins 
Besides retarding the rate of sedimentation through mcreasing the 
density of the solvent, the presence of considerable amounts of 
ammomum sulfate leads to a pronounced diffuseness of boundary 
(Fig 4) The reason for this is not yet clear 
In one or two mstances a senes of very faint sharp boundaries 
(c of Fig 3) was observed sedimentmg at about a third the rate of the 
heavy component The substance responsible for these has not been 
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identified but there seems to be no reason for relatmg it mtunately 
to the bactenophage activity 

The molecular weight of the heavy component cannot be calculated 
from its sedimentation constant irntd the diffusion constant is known, 
but it IS possible to estabhsh a lower limit for this weight Accordmg 
to Svedberg (6) 


~ m - Vp) 

where JI is the molecular weight, i? the gas constant, T the absolute 
temperature, and D the diffusion constant T akin g 1/V = 120 and 
5 oq, = 650 X M = 9 60/D K one examines the diffusion 

constants determmed for very large molecules by Svedberg (6) and 
his students, it is evident that D can scarcely be less than 0 5 X 10~^ 
On this basis the heavy component of active bactenophage solutions 
would have a molecular weight of at least 200 imUions 
The heavy component is not spht when concentrated bactenophage 
solutions are mactivated by chymo-trypsm In every mstance, how- 
ever, the boundanes after mactivation were more diffuse (Fig 10) 
The sedimentation constants also have been low, around 550-600, 
but, smce all these mactive preparations have contained an espeaally 
large amount of unsedunentable matter, it is impossible to say whether 
chjTno-trypsm mactivation has led to small changes m the shape or 
size of the molecules of the heavy substance 
Bactenophage solutions at pH 10 gradually become mactive over 
a penod of several days Photographs of such solutions have been 
made immediately after alkahnization and after 3 days As can be 
seen from Fig 2 the heavy boundary becomes f am ter while at the same 
tune there is an mcrease m the amount of unsedunentable matenal 
Inactivation by heatmg for 10 mmutes at a temperature of 60°C 
leads to a sedimentation diagram different from any of the foregomg 
The most conspicuous feature of this new diagram is an extraordmanly 
sharp boundar^'^ that moves outward m the cell only under the influ- 
ence of mtense fields At first sight this might seem due to large 
molecules of a verj'’ low density but its behavior m quarter-saturated 
ammomum sulfate and m very dilute salt solutions conflicts with such 
an mterpretation Instead there are reasons for considermg that it 
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anses through the compression of a dilute protein gel The abnor- 
mally high viscosities of these dilute inactive solutions pomt m this 
direction but the best evidence for a gel structure is the variation in 
observed sedimentation constants from different preparations They 
have been as low as 9 X 10“*' and as high as 23 X 10"“ If the pro 
tein IS sedimented only part way doivn in the analytical cell, the prepa 
ration can be rehomogenized by mmng When this is done, however, 
the new boundaries formed dunng a second centrifugation are ordi 
nanly less sharp (Fig 7) and move more rapidly than before The 
remixed gel is apparently less stable than it was before ultracentnfuga 
tion because its structure often collapses and the boundary disappears 
dunng the course of a second centnfugation Thus one preparation 
on its first partial sedimentation (Fig 8)gaveio = 10, after remixing 
It yielded a boundary corresponding to Jjo = 22 which vamshed after 
the first four or five pictures (Fig 9) Heat mactivated solutions 
commonly contain in addition to this gel an ultraviolet absorbing 
substance which sedunents still more slowly with a diffuse boundary 
(e of Figs 8 and 9) correspondmg to Jm = ca 3 X 10"“ Its occur 
rence suggests that it is one of the products resulting from thermal 
destruction of the large particles with Jjo = 650 X 10"“ 

The wnter is mdebted to J H Northrop for the solutions studied 
and for many helpful discussions of their properties 

SUMMARY 

Analytical observations have been made with the air ultracentnfuge 
on concentrated staphylococcus bactenophage solutions and on these 
solutions inactivated by alhali, chymo trvpsm, and heat 

All active solutions contam a homogeneous heavy component that 
sediments with a constant of J 20 = co 650 X 10"“ cm sec dynes"', 
has an apparent density of ca 1 20, and a molecular weight probably 
not less than 200 milhons There is also present some very hght 
ultraviolet absorbmg matenal which is not a earner of bactenophage 
activity The amount of the heavy component is not stnctly proper 
tional to the bactenophage activity so that if the activity resides m it, 
as appears to be the case, mactivation may occur without measurable 
change m molecular size and shape 

When the bactenophage solutions are mactivated by chymo trypsin 
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the heavy component is not (hbruj)tL(l but the sedimenting Wa. 
have always been fairl> (lilfui,e \-> t lie activ ity graduall) 
from alkaline solutions, tlie hea\\ component is replaced b) t- 
mentable material \\ hen a siiliition la inactivated b} bdtu 
dilute gel IS produced which 'sediments >\ilh an exception )- 
boundary m arelativcl) inlcn'ic centriiugal iield 
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Fig 1 A scries of sedimentation photogr ipha of an actne b ^ 
preparation The boundaries, m irked (6) arc due to the heavy com 
meniscus (a) separates the air-bubble ibovc irom the 
preparation contained less unsediment ible material (which ^ 
greater transparency of the air-bubble) than anj other tha 
varying amounts are present in succeeding figures Mean cen 
4,700 gravity j 

Fig 2 The sedimentation diagram of an active bacteriop ^ 
after standing for 3 days (in the cold) at pH 10 Note 
boundaries due to the heavy component and the large amount o 
material Mean field = 5,400 gravity , ^ ^nl 

Fig 3 The sedimentation diagram of an active preparation ^ 
unusually large amount of unsedimentable material The vj^tt 
respond to jjo- = ca 160 X 10->3 A minute leak in the cell is m 
graduaUy widening air-bubble Mean field = 5,500 gravity ^ ^ 
Fig 4 The diagram of an exceptionally active preparation ^ 
sulfate solution of density 1 12 Note the difluseness of boundary 
component Mean field = 25,000 gravity a n a 

Fig 5 The diagram of the same preparation as that of Fig * p 

mum sulfate solution of density 1 04 Note the increased sharpn 
Mean field = 11,000 gravity 
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3 Plate 3 

^Fig 6 The diagram of a preparation inactivated by heatmg for 10 minutes 
.60 C The extraordinarily sharp boundanes of the sedimenting gel are 
jked (d) Mean field = 146,000 gravity 

Fig 7 The diagram of the inactive preparation of Fig 6 after remixing from 
- previous centrifugation The boundary is less sharp than before and it 
faster Mean field « 144,000 gravity 
Fig 8 The diagram of another heat inactivated preparation sedimentmg m an 
momuin sulfate solution of density 1 10 The diffuse boundanes (tf) correspond 
s Q ca 3 X 10"“ Diagrams mdistiuguishablc from this except for mcreased 
es of sedimentation have been obtained from heat inactivated solutions con 
mng httle ammomum sulfate Mean field = 125,000 gravity 
Fig 9 The diagram of the preparation of Fig 8 after remixing The new 
1 boundary (dQ sediments nearly twee as fast as before and disappears after the 
^t few pictures Mean field = 125,000 gravity 

Fig 10 The diagram of a preparation inactivated by chymo trypsm Note 
e comparative diSuscness of the famt heavy boundary and the large amount 
unsedimentable matenal Mean field » 5 400 gravity 
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BARK ADAPTATION IN DINEUTES* 

By LEONARD B CLARK 

{From tlte Laboratory of Biophysics, Columbia Umverstly, New York) 
(Accepted for pubbeatton September 24 1937) 

Studies of dark adaptation have been made on amoeba (Folger, 
1925), Volvox (Mast, 1927), some molluscs (Hess, 1910, Hecht, 1918, 
1919, 1923, 1927, Crozier and Wolf, 1928), an ascidian (Hecht, 1918, 
1927), Amphioxiis (Hess, 1910), the frog tadpole (Obreshkove, 1921, 
Hecht, 1927), the chick (Homgmann, 1921), and man (for references 
see Hecht, 1921, 1927, and Hecht, Haig, and Wald, 1935), but until 
recently (HartUue, 1929 , Wolf and Zerxahn Wolf, 1935) Uttle mforma- 
tion was available desaibing the course of dark adaptation in arthro 
pods m any but the most general terms (Hess, 1910, BoUey, 1929, 
von Buddenbrock and Schulz, 1933) 

This paper reports a study of dark adaptation m the aquatic beetle, 
Dineutes assimiUs commonly called apple bug, coffee bug, or whirhgig 
beetle It was found (Clark, 1931, 1933) to be an excellent form for 
study It reacts well to light, is hardy and easily kept m the labora- 
tory, and can, if necessary, be used xn repeated experiments 

Apparatus and Procedure 

Starting with the observation that a specimen of Dineutes m the dark tends 
to move around the walls of a contamer, an apparatus was devised by which all 
the ommatidia could be about equally bght adapted and m which the insect 
ODuld be oriented in the same relation to the stimulating b^t for each ezpen 
mental reading 

The apparatus (Fig 1) consisted of a turn table composed of a nng moving on 
ball bearmgs and supporting a sheet of bakebte with a square opening in the 
center A piece of ground glass set flush with the bakebte covered the openmg 
An animal compartment was formed by cementmg clear glass waUs to the ground 
glass The turn table was mounted to allow bght to be reflected up through 
the ground glass after bemg transmitted through a neutral tmt filter or through 
a red filter The former was the adapting bght, and the latter was used to view 


Investigation pursued durmg tenure of National Research Fellowship 
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the animals while taking readings, as they are insensitive to the deep red of the 
spectrum 

Another lamp was mounted to give a horizontal beam, the mtensity of which 
could be controlled by a neutral tint wedge and filters This was the test hght 



Top vieu) 

Fig 1 Diagram of apparatus used to test dark adaptation of Dmeules 

The experunental procedure was as follows An insect was placed m the 
compartment and a white unglazed porcelain bowl inverted over the 
chamber The adapting hght was turned on and the insect was adapted to 
hght passmg through the ground glass floor and reflected from the white walk 
of the bowl This scattered the hght so the intensity was about equal from aU 
directions 
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After bght adaptation, the adapting bght was turned off, the bowl removed, 
and the animal left m the dark for a known time Then the minimum mtensity 
to which the insect would react was determmed The red light was turned on to 
view the animal The insect usually moved around the walls If it was movmg 
along the wall away from the test lamp and at nght angles to the beam, the test 
lamp was turned on and the intensity was slowly mcreased until the insect turned 
toward the hght If the insect reached the side wall of the compartment and 
started along it parallel to the beam before it reacted, the turn table was moved 
one quarter turn to cause the insect to move across the beam again. At some 
mtensity the insect will turn and move toward the hght The mmimuTn intensity 
calling forth this reaction is called the threshold or threshold mtensity and is given 
as log I + 10 

When the threshold was determined the time was noted and the test lamp 
turned off The insect was left m the dark for a further timed period and then 
tested again Thus the threshold was determined at the end of a number of timed 
periods in the dark during the course of dark adaptation This was repeated with 
each of several injects 


KESUhTS 

E-^enments were performed using light adaptation of 6 5, 91 6, 
and 6100 foot candles, and curves of dark adaptation secured for 
each The results are presented in Table I Each determination is a 
smgle reading from one mdividual 

The data for each insect behave m the same regular manner As 
the intensity of the adapting hght mcreases, the early threshold values 
also mcrease Though the course of dark adaptation is about the 
same for each adaptation level, the final thresholds may vary To 
avoid averaging, the data of each set of readings from each insect ate 
moved as a whole up or down the log I axis to bring them all to ap- 
proximately the same threshold This mtroduces no change m the 
curves of dark adaptation but does cause a change in the umts in which 
mtensity is measured The shift is made by multiplymg the thresh 
old mtensity by a constant a This constant is probably related to 
the condition of the nervous system as well as to the transmission 
of the eye pigments, smee it may vary from day to day m the same m 
dividual fsee insect V, experiments 1 and 2 at hght adaptation of 91 6 
foot candles) The value of log a for each set of data is given m 
Table II 

By plottmg the log threshold + log a values against time in the dark 
and by usmg the appropnate tune intervals on the abscissa, all data 
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TABLE I 

Dark Adaptation of Dineutes after Different Levels of Light Adaptation 

Each datum is a single reading with a single animal Tune in dark is in 
minutes, intensities in log foot-candles + 10 


Light adaptation to 6 5 foot-condles 


Insect HI — 1 

IV- 

-1 

IV— 2 

IV-6 

Tune in 
dark 

Log I 

Time m 
dark 

LogI 

Time in 
dark 

LogI 

Time in 
dark 

LogI 

3 0 

8 54 

3 0 

7 98 i 

3 5 

im 

2 2 

8 25 

5 1 

8 09 

5 9 

7 67 

9 9 


4 4 

8 09 

7 3 

8 00 

8 0 

7 47 

11 6 

1 7 26 

6 3 

7 89 

10 9 

7 85 

10 6 

1 7 35 


7 16 

8 4 

7 75 

18 2 

7 49 

15 3 

7 19 



12 9 

7 37 

24 3 

7 34 

i 22 1 

7 02 



18 4 

7 14 

35 7 


32 4 

6 96 



24 8 

6 93 


1 
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35 1 
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Light adaptation to 91 6 foot-candles 


Insect IV— 4 

IV 

-5 

V- 

-1 

V- 

-2 

VI-l 

Time in 
dark 

LogI 

Timem 

dark 

LogI 

Tune in 
dark 

Log I 

Timem 

dark 

Log I 

Timem 

dark 

LogI 

2 25 ; 

9 71 

2 6 

9 16 

2 8 : 

9 59 

2 9 

9 33 

2 3 

9 56 

4 4 

8 76 

5 5 

8 76 

48 : 

9 02 

4 6 

8 86 

5 1 

8 35 

6 6 

8 42 

10 1 

8 36 

6 3 ! 

8 82 

6 2 

8 58 

10 8 

8 08 

8 8 

7 95 

16 5 

7 59 

14 2 

8 28 

7 7 

8 27 

15 9 

7 75 

10 5 

7 63 

23 2 

7 35 

22 3 

8 09 

9 7 

8 25 

20 5 

7 53 

15 1 

1 7 34 

28 4 

7 12 

32 2 

7 75 

IS 4 

7 83 

27 7 

7 39 

21 4 

7 29 

35 6 

6 86 



25 2 

7 59 

34 2 

7 22 

32 6 

7 06 


1 



32 6 

7 28 
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Light adaptation to 6100 foot-candles 


Insect Xin— 1 

xni — 2 

XIV— 1 

XV-l 

xvi-i 

XVII-l 

Timem 

dark 

LogI 

Tune in 
dark 

Log I 

Tune m 
dark 

Log I 

Time m 
dark 

LogI 

Time m 
dork 

Log I 

Tune m 
dark 

Log I 

— 

2 8 

9 67 

4 7 

9 89 

2 6 

10 76 

3 3 

10 38 

4 1 

9 36 

3 1 


8 4 

8 78 

7 5 

8 86 

6 4 

8 82 

7 6 

9 18 

8 4 

8 68 

5 6 

9 79 

16 1 

7 57 

10 0 

8 44 

14 0 

7 97 

14 7 

8 68 

15 8 

7 77 


8 62 

19 4 

7 69 

41 2 

7 06 

24 1 

7 48 

26 1 

7 65 

18 0 

7 34 

19 2 

7 83 

19 9 

7 81 



35 8 

7 16 

36 3 

7 24 

31 3 

7 04 

26 1 

7 49 

32 7 
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TABLE n 


Values oj Log a to Bnng Data of All Ammals to Approxunatcly Same 
Fttjal ThrcsJwld 



Timem dark-mmutas 

Fig 2 Curve of dark adaptation of Dineuies Open oicleS; tnangles; and 
closed circles, individual observations after bgbt adaptation to 6100 foot candles 
91 6 foot candles, and 6 5 foot candles respectively 
379 
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DARK ADAPl'ATION IN DINEUI'LS 


can be described by a single curve (Fig. 2) This indicates that the 
couise of dark adaptation follows parts of the same curve iricspcctive 
of the level of light adaptation The intensity of the adapting liglit 
dcteimines the level at which dark adaptation will begin 
It IS obvious that it is extremely diihcult to secuie experimental 
values for the so called instantaneous threshold, the thicshold at 
/jero time in tlie dark But they may be readily secured fiom the 
curve of Fig 2 When tlie instantaneous log al is plotted against 



10.0 11.0 12 0 13 0 14 0 


Log I-flO -• Adopting light 

Fig 3 Relation between log of instantaneous tlireshold and log of adapting 
intensity 

the log of the adapting light, the result is as shown in Fig 3 Al- 
though the relation seems linear, it is more likely that the range of 
intensities covered falls in the central pait of a sigmoid curve similar 
to that found for certain other organisms 

Theory 

On analysis the data were found to be described by tlie equation 
for human dark adaptation derived by Ilccht (1929) on the assump- 
tion that the sensitive material is formed from two of its photoprod- 
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ucts, and that the concentration of sensitive material is mversely 
proportional to the logarithm of the threshold mtensity at the mo 
ment The equation is 

, . log aTi X log of* , „ 

kit “ — — r z + C 

log alt log 

where may be considered similar to a velocity constant, i is the tune 
m the dark, log h is the log of the threshold mtensity at time I, log 

IS log of threshold mtensity at complete dark adaptation, and a is 
the constant described above 

Computations of the mdividual pomts yielded average values of 

= 1 32, 1 48, and 1 28 for the three senes These values are most 
probably not significantly different, a conclusion shown by the draw 
mg of a common curve tlirough all data The average ij for all 
pomts was 1 37 and was used m secutmg the curve of Fig 1 

CONCLUSION 

Theory apart, it is obvious that (a) all the data fall on one curve 
and merely represent different startmg levels on the same curve of 
dark adaptation, and (4) the relation between the log mstantaneous 
threshold and log adaptmg hght is Imear over the range covered 

SUMMARY 

The level of dark adaptation of the whubgig beetle can be measured 
m terms of the threshold mtensity callmg forth a response 

The course of dark adaptation was determmed at levels of hght 
adaptation of 6 5, 91 6, and 6100 foot candles All data can be fitted 
by the same curve This mdicates that dark adaptation follows parts 
of the same course irrespective of the level of hght adaptation The 
mtensity of the adaptmg hght determmes the level at which dark 
adaptation will begm 

The relation between log alo (mstantaneous threshold) and log 
of adaptmg hght mtensity is Imear over the range studied 
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THE CONCENTRATION EFFECT WITH VALONIA 
POTENTIAL DIFFERENCES WITH DILUTED 
POTASSIUM RICH SEA WATERS 

By E B DAMON 

(From Ihe Laboralortcs oj The RockefeUtr InstittUefor Medical Research) 
(Accepted for publication, September IS, 1937) 

This report is the fifth in a senes* from this laboratory dealing 
with the concentration effect m large plant cells The present paper 
IS concerned with the changes mm across the protoplasm of cells of 
Valonta inacrophysa observed* when these cells were exposed to van 
ous dilutions of certain artifiaal solutions resembhng sea water, but 
m which the NaCl of sea water was more or less completely replaced 
by K.C1 Electneal effects produced by K.C1 are of espeaal mterest 
m view of the remarkable degree to which this salt is accumulated m 
Valonta sap These new experiments serve as a further test of the 
interpretation of bioelectric potentials which has been developed m 
earUer papers, and which is now summanzed m the foUowmg para 
graphs 

In the measurements of pj) with Valonta, the cell is impaled on a hne glass 
capillary filled with artifiaal sap, through Tshich electrical connection is estab 
listed with the mtenor of the cell The pj) across the protoplasm is thus 
measured directly between tlie vacuolar sap and an external solution bathmg the 
entire outer surface of the cell The advantages of this procedure have been 
discussed m earher papers * 


* Earher papers (a) Osterhout \V J V , and Hams, E S , / Gm Physiol , 

1928- 29 12, 761 (6) Damon, E B , and Osterhout W J V / Gen Physiol , 

1929- 30 13, 445 (c) Osterhout, W J V / Gen Physiol , 1929-30, 13, 715, 
(d) Osterhout W J V / Gen Physiol 1936-37, 20, 13 

*The expenments reported m Ibis paper were earned out at Bermuda m 
1931 Apparatus and methods for supporting the impaled cells applymg the 
solutions and measurmg the p n have been described in earher pubhcations * 
’Damon E B , / Gen Physiol, (a) 1929-30, 13, 207 (6) 1931-32, 16, 525 
(c) 1932-33, 16, 375 
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CONCENTRATION EFFECT WITH VAIONIA 


E'qjenments indicate that the protoplasm consists^ of an aqueous layer {W) 
bounded by two dissimilar non-aqueous surface layers (Z and 7) The system 
which IS measured when the cell is immersed m natural sea water may accord- 
mgly be represented as follows 


A 


Sea nater 


Protoplasm 

x\w\y 


Sap 


It IS assumed that the concentrations of electrolytes are uniform throughout the 
X layer, in distribution equihbnum with sea water 

When some other ettemal solution is substituted for sea water, we may make 
the usual assumption that a thm film at the outer surface of X comes at once 
mto distribution equihbnum with the e'rtemal solution, this film will be called 
Zo If this assumption is correct, we shall have at the start m Z 


B 



New external 
solution 


m equilibrium m equilibnum 

with new solution with sea n ater 


Pi 


pi 


while the rest of the protoplasm remains for the time bemg unchanged We 
may accordmgly attnbute the imtial change m p d to the new diffusion potential 
at Pi, plus any change m the phase boundary potential at pi (provided the meas- 
urement is made before diffusion has had time to penetrate through the Z layer 
mto W) Smce we shall consider only this imtial change, the potentials at the 
other layers of the protoplasm need not enter mto our calculations 

Accordmg to the usual theones of phase boundary potentials, the P d a.t pi 
13 g^ven by the expression® 


P D 


RT AkCk + -j- 

2F ^ciCci + 


( 1 ) 


where Ck, Cn», and Cci represent the concentrations of the £+, Na+, and CI~ 
ions m the external solution, and -^Nai Aci the “true” ionic partition 
coefiScients (Ca++, Mg++, and S 04 “ ions, also present in the solutions used m 
these experiments, need not be mcluded m Equation 1, smce it has been shown 
that the p d observed with diluted sea water is not affected by relatively large 
changes m the concentrations of these ions It may therefore be assumed that 
the partition coefficients for these ions are negligibly small ) In the present 

^ Osterhout, W J V , / Gen Physiol , 1927-28, 11, 83, Biol Rev , 1931, 6, 
369, Ergebn Physiol , 1933, 36, 1013 

® Michaehs, L , and Fujita, A , Z phys Chem , 1924, 110, 266, Horovitz, E , 
Z phys Chem , 1925, 116, 424 
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discussion, v?e shall adopt tlie assumption (used also m an earlier paper*^^) that 
the true lomc partition coefficients are constant mdcpendent of changes m con 
centiation It tlien follows from equation (1) that the phase boundary poten 
tial at P\ will not be affected by changes m the dilution of the external solution 
and hence that changes m the p n resulting from dilution alone may be ascribed 
to the diffusion potential at pi 

The data obtained from measurements of concentration effect may accordingly 
be used as a basis for calculating the relative mobihties of ions m the \ layer 
This calculation was simplified by the discovery^** that the concentration effect 
observed with natural sea water is practically the concentration effect for NaCl 
alone, the part played by the other salts of sea water being relatively small 
(The presence of these salts is nevertheless of great importance for preventing 
mjury to the protoplasm ) Interpretation of the concentration effect with 
natural sea water as a diffusion potential at Pi involving only the N’a'*’ and Cl'* 
ions has led to the conclusion^** that the mobility of Cl“ m the X layer is about five 
times as great as that of Na"*" 

The relative mobihty of m the X layer has been calculated from the changes 
m p D observed when Vahiiiia cells were transferred from natural sea water to 
artificial sea waters m which all or part of the NaCl was replaced by i^Cl, it 
was found’* that the mobility of K* is about twenty times as great as that of 
Cl~ In this calculation, the additional assumption was made that the true 
lomc partition coefficients for and Na'*’ are equal Obviously, other assump 
tions as to the magnitude o! the partition coeffiaents will lead to different values 
for the mobihty of K+ It has been demonstrated’*, however, that no values 
which may be assigned to /Ik ^ equation (1) will account for the ob- 

served PJ) on the basis of phase boundary potentials alone m any case a large 
proportion of the observed change must be assigned to the diffusion potential 
at Pi It is therefore highly probable, whatever the partition coeffiaents may 
be, that the mobihty of K+ m the X layer is actually greater than that of Cl“* 

From the apparent relative mobilities of K-*-, Na+, and Cl“ in the 
outer surface layer of Valonia protoplasm (K > Cl > Na), it is to be 
expected that with artifiaal sea waters containing high concentrations 
of KCl the sign of the concentration effect will be opposite to that 
with natural sea water That is, whereas with natural sea water we 
find that dilution mcreases the mwardly directed P d * across the 
protoplasm, with KCl nch sea waters it is to be expected that dilu- 
tion will decrease the mwardly directed pj 5 The new experiments 

* With natural sea water and with the modified and diluted sea waters used 
m the expenments reported m this paper, the p d across the protoplasm of 
Valonta is directed inward, m the sense that positive current tends to flow from 
the external solution through the protoplasm mto the vacuolar sap 
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show that this is actually the case with small dilutions of the KCi-nch 
sea waters With higher dilutions, however, more comphcated phe- 
nomena are encountered which make it necessary to modify some of 
the simple assumptions employed in the foregomg discussion 

The measurement of the concentration effect with KCl-nch sea 
waters is comphcated by the fact that the p n with these solutions 
does not remam constant, but undergoes more or less characteristic 
changes^' which have been ascribed to the penetration of K+ mto the 
W and Y layers of the protoplasm These changes begm very soon 
after the KCl-nch solution has come m contact with the protoplasm 
Consequently, when a cell is treated first with a KCl-nch sea water, 
and then with a dilution of this sea water, it is very difficult to dis- 
tinguish between changes in p n actually produced by dilution and 
such fluctuations as would have occurred if the solution had remained 
unchanged 

A study of p D -time curves has shown, however, that when 
natural sea water is replaced by undiluted KCl-nch sea water the 
mitial nse m p d is reproducible and can be calculated from the con- 
centrations of K+ m the sea waters (although subsequent changes in 
the PD may be complex) It appears, therefore, that the best 
method available for studymg the effect of dilutmg these solutions is 
to compare the imtial changes m p n across the protoplasm of impaled 
cells when different dilutions of KCl-nch sea water are substituted for 
natural sea water 

The p D -time curves m Fig 1 illustrate the kmd of data which can 
be obtamed by this procedure (The differences in the forms of these 
curves will be discussed later ) The solutions used m these measure- 
ments were dilutions of a KCl-nch sea water'' (hereafter called KCl- 

’’ The modified sea waters used m these expenments had the following com- 
position, based on a formula for artificial sea water recommended by McClendon, 

J F , Gault, C C , and MulhoUand, S , Carnegie Insiitiihon of Washington, Pub 
No 251, 1917 


K -1-Na 

0 500 molar 

Cl 

0 570 molar 

Ca 

0 011 “ 

Br 

0 001 " 

Mg 

0 054 " 

SOi 

0 028 “ 


HCOj 

0 003 “ 


Dilutions of these modified sea waters were made with a solution of glycerol, 
8 7 per cent by weight, m distdied water The freezmg pomt of this solution is 
approximately the same as that of Bermuda sea water 
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sea water) in which the concentration of KCl was 0 500 molar, all 
the NaCl of ordinary sea water being replaced by KCl The data 
obtained from these and other similar experiments are collected m 



Fig 1 Typical pj) tune curves showmg changes m the pj) across Valonta 
protoplasm, when different dilutions of KCl sea water (open circles) were substi 
tuted for natural sea water (shaded cucles) as the external solution The number 
at the right of each curve mdicates the dilution, t e , the number of hters of dilute 
solution containmg one hter of KCl sea water 

The five measurements usmg dilutions up to fivefold were made on the same 
Valofiia cell, the four measurements with higher dilutions were made on a second 
cell 

The PJ> IS m all cases directed inward « c positive current tends to flow from 
the external solution through the protoplasm into the vacuolar sap 

Fig 2 , curve A, which shows the relation between the dilution of 
KCl sea water and the mitial nse m p d when diluted KCl sea water 
replaces natural sea water 

With dilutions less than fivefold, the imtial nse m p D was found m 
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Fig 2 Curves showing the concentration effect with dilutions of KCI-rich 
sea waters in Valonia p d ' s plotted as ordinates are differences between the 
p D m ordinary sea water and the first maxnaa in the p d -tune curves when 
natural sea water was replaced by diluted KCI-nch sea water The dilutions are 
plotted on a logarithmic scale as abscissae 

Data for each curve were obtained from measurements on 15 or 16 individual 
cells Each small cucle represents a single measurement, in cases where a 
measurement was repeated on the same cell, only the highest value is reported 
The large double cucles show the average values of p d with the undduted sea 
waters as reported m an earher paper Each group of pomts represents measure- 
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general® to decrease mth mcreasing drlutron Thrs is in agreement 
■with previous results’” sliowmg that the mobihty of 1S.+ in the outer 
layer of the protoplasm is greater than that of Cl~ With dilutions 
greater than fivefold, however, the behamor was altogether different 
the p D time curves were of an obviously different form, the initial 
nse in p D was larger tlian with the fivefold dilution, and the P D 
mcreased regularly as the dilution was mcreased (Fig 1, Fig 2A) 
In other words, 'with dilutions greater than S, the sign of the concen 
tration effect with KCl sea water is reversed, becoming the same as 
with natural sea water 

The precise dilution at which the change m type of P D -tune curve 
occurs was found to vary shghtly from ceU to cell Thus, m several 
cases, the curve 'With the fivefold dilution of KCl sea water had the 
shape charactensUc of higher dilutions, m one case, the curve with 
the sevenfold dilution resembled the curves with dilutions less than 5 
In such cases, the values of the imtial nse in p d were m fair agree 
ment with the values observed with time curves of the mote usual 
type It IS perhaps sigmficant, however, that the lowest values of 
p D with the fivefold dilution were obtamed from curves of the type 
commonly found ■with higher dilutions 

Similar phenomena were observed with KCl nch sea waters con 
tammg smaller proportions of extra KCl Curves B and C of Fig 2 
show the results of measurements like those reported m Fig 1 and 


ments with the same solution, but m order to show all observed values a number 
of pairs of points have been dispbced symmetrically to right and left of their 
true abscissae 

Curves have been fitted approximately to the average values of m in so 
doing closely grouped pomts have been given more weight than scattered pomts 
and among scattered pomts high values have been given more weight than 
low ones 

A shows the concentration effect with KCl sea water contaimng 0 500 mole 
of KCl m a hter 5, with the KCl nch sea water coutainmg 0 200 mole of KCl 
C with the KCl nch sea water contammg 0 050 mole of KCl D shows, for 
comparison the concentration effect for natural sea water (KCl — 0 012) as 
reported m an earlier paper ” 

® In Fig 1 however, the value of the iniUal nse with the threefold diluUou 
falls somewhat out of hue with the other values measured on the same celf 
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Fig 2A, but using dilutions of two modified sea waters in which the 
concentrations of potassium were respectively 0 200 and 0 050 molar 
With these solutions, as with KCl-sea water, the change m the sign 
of the concentration effect was accompanied by a change in the form 
of the p D -time curves It will be seen that the smaller the concen- 
tration of potassium m the undiluted sea water, the lower is the dilu- 
tion at which the change in the sign of the concentration effect occurs 
This relationship will be discussed further on 

In the measurements with diluted KCI-sea water, the pH of the solutions was 
adjusted to the same value as that of ordinary sea water, as mdicated by the 
color of cresol red This procedure was modified later, after a study of the 
effect of varymg the reaction of undiluted natural and KCl-rich sea waters 
It was found that changmg the pH between 5 and 10 does not affect either the 
p D with natural sea water or the mitial rise in p d when natural sea water is 
replaced by KCl-rich sea water The changes in p d with KCl-rich solutions, 
however, are considerably slower when the reaction is acid than when it is alkahne 
In the measurements with the other two KCl-rich sea waters, therefore, the pH 
of the solutions was lowered to between 5 and 6, in order to broaden the first 
peak of the p d -time curve, and thus increase the probabihty of observing the 
full value of the change in p d 

The measurements were carried out at room temperature In the experi- 
ments with KCl-sea water (March, 1931) this varied between 16° and 22°, aver- 
age, 18° In the majority of the measurements with the other two KCl-rich 
sea waters (May) the temperature was 23° ± 2°, in a few additional measurements 
with dilutions less than the critical dilution Quly-August) the temperature was 
28° ± 1° Fortunately, the temperature coefficient of the pd appears to be 
small 

With the 'Valonia cells used m these measurements, the p n ’s with the un- 
diluted and shghtly diluted KCl-rich sea waters appear to be rather low, com- 
pared with the values previously reported^* for the undiluted solutions This 
may be seen in Fig 2, where averages of earlier values are plotted as double 
circles A particularly large number of cells exhibiting a small potassium effect 
was encoimtered in the measurements with dilutions of the sea water contaming 
0 200 molar KCl In this series, therefore, it was decided to include only cells 
which when treated with the undiluted solution showed an imtial rise m p n 
of at least 35 mv 

In connection with these lower p d 's, it may be sigmficant that at this time 
(May, 1931) it proved especially difficult to keep the impaled cells free from a 
gelatmous coating of marme bacteria This coating greatly retards diffusion, 
and m time leads to mjury and death of the cell Even before injury has actually 
occurred, the presence of a film of bacteria may greatly increase the tune re- 
quired for leachmg out the cell waU and bringmg the protoplasm m contact with 
a new solution of the desired composition 
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In measurements wjth the more dilute solutions, where the pj> remains con 
stant after it reaches a defimte level, the result may be merely an mcrease m the 
time required for the pjj to reach its final value With undiluted or moderately 
diluted KCl rich sea water, however, where the pj) passes through a maximum. 
It becomes essential to apply the solution as rapidly as possible m order to ob 
serve the full value of the imtial nse m p n , here the observed value may be 
greatly dimmished by the presence of bactena 

The removal of bactena from impaled cells by such methods as washmg with 
a stream of sea water is not feasible because of the danger of mjury to the seal 
between the protoplasm and the glass capillary Accordmgly, no measurements 
were accepted with any cell which had become visibly coated with bactena 

A key to the explanation of the reversal of the sign of the concentra 
tion effect with KCl rich sea waters may be found in a comparison of 
the shapes of the p d time curves with different dilutions of KCl^sea 
water as shown m Fig 1 

With small dilutions, the p d time curves have approximately the 
same form as with undiluted KCl sea water after the mitial nse, the 
P D falls rapidly to a nuniinum, then rises agam more slowly to a 
second maximum This charactenstic fluctuation of the p d (found 
also with Va/mia sap and with pure 0 6 molar KCl) has been mter- 
preted* as due to the penetration of KCl mto the aqueous middle layer 
of the protoplasm In accordance with this mteipretation, we may 
conclude that with dilutions less than 5 (Fig 1) the initial mcrease m 
p D results mainly from the high relative mobihty of K+ which is 
diffusing mward through the non aqueous outer surface layer of the 
protoplasm 

As the dilution is mcreased, the fluctuations m p d become progres 
sively less, which suggests that the amount of KCl entenng the proto 
plasm IS becoimng smaller Finally, with dilutions greater than S, 
the curves become altogether different from the curves with undiluted 
KCl nch sea waters The fluctuations attributed to the entrance of 
KCl are no longer perceptible 

With these higher dilutions of KCl sea water, where the concentra- 
tion effect has the same sign as with natural sea water, the p d tune 
curves have the same shape as the curves observed with dilutions of 
natural sea water'‘ ’ the p D rises rapidly to a definite value at which 
It remams approximately constant for some time (until secondary 
changes m the cell appear as a result of too prolonged exposure to 

® A typical PJ) time curve with diluted natural sea water is shown m Fig 3 
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dilute solutions) This change in the form of the p d -time curves 
suggests that with the higher dilutions of KCl-rich sea waters potas- 
sium no longer plays an important part m the p d , and that the con- 
centration effect with these solutions is to be interpreted m the same 
way as the concentration effect with dilutions of natural sea water 

If the concentration effect with the higher dilutions of KCl-nch sea 
waters is to be explamed as similar to that with natural sea water, it 
becomes necessary to examme more closely the assumptions which are 
mvolved m the mterpretation of the concentration effect with natural 
sea water 

In this discussion, only the K+, Na+, and Cl~ ions need be con- 
sidered It has been shown^* that changes in the concentrations of 
the other prmcipal ions of sea water have httle or no direct influence 
on the p D with diluted sea water 

This was demonstrated by comparmg the p d ’ s across the protoplasm of a 
Valoma cell when the external solutions were (1) a threefold dilution of sea 
water (m which the concentrations of all the salts were reduced by the same 
factor) and (2) an artificial solution m which the stoichiometric concentrations 
of Na and Cl were the same as m the diluted sea water while the concentrations 
of the other principal ions were approximately the same as m undiluted sea water 
It was found that the p d ’ s with these two solutions were almost identical, the 
value with the second solution (23 5 to 24 6 mv) being sLghtly larger than that 
with the diluted sea water (23 0 to 23 8 mv ) That is, the effect of a threefold 
reduction m the concentrations of Na and Cl alone was actually somewhat greater 
than the effect of a similar reduction m the concentrations of all the ions The 
reason for this discrepancy is that, although the concentrations of Na and Cl 
were the same m the two solutions, the activity of NaCl was somewhat greater 
m the diluted sea water (solution 1), correspondmg to the lower ionic strength of 
this solution A quantitative test of this explanation will be presented later 
(page 396) 

Smce the other prmcipal ions of sea water (Mg++, Ca++, S 04 “, etc ) 
appear to play a neghgible part m the p d , we may suppose that in 
the outer or X layer of the protoplasm the concentrations of these 
ions, or their mobihties, or both, are very small, so that the products 
of concentration multiphed by mobihty may be neglected m compari- 
son with the correspondmg products for Cl~, Na+, and K+ 

It has been inferred from the shape of the p d -tune curves that K+ 
likewise plays no important part m the concentration effect with 
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natural sea water or with the higher dilutions of KCl nch sea waters 
This assumption is supported by experiments which show that small 
changes m the concentration of ‘K+ m diluted sea water have httle or 
no effect on the across Valonta protoplasm Such measurements 
are presented m Fig 3, where the pj) with a threefold dilution of 
natural sea water is compared witli the p d with an equal dilution of 





















IhOLT 

Fig 3 pji tune curves, from measurements on two different cells, lUus 
tratmg the effect of moderate changes m the potassium content of sea water di 
luted with an isotonic solution of glycerol Tnangles represent pj? *s m undiluted 
sea water, arbitrarily taken as zero, open circles pd^s in a threefold dilution 
of natural sea water, shaded arcles, ’s m a threefold dilution of a KCl nch 
sea water ilolar concentrations m the dilute solutions were 

H natural sea water K, 0 004 Na, 0 163 Cl, 0 191 

14 K.C1 nch sea water K, 0 033 Na, 0 133 Cl, 0 191 

Honzontal broken Imes indicate the calculated difference of 2 0 mv (page 396) 
To reduce the size of the figure the scale of ordinates is broken between 4 and 
16 mv For the meaning of ‘ dilution” sec Fig 1 

a KCl nch sea water contaimng 0 100 mole of KCl m a liter (The 
concentrations of K+ m the diluted solutions were respectively 0 004 
and 0 033 molar ) It will be seen that the p jd 's with these two dilute 
solutions were not more than 2 mv apart Not only is this effect a 
small one, but as we shall see presently (page 396) it can be accounted 
for satisfactorily as resultmg from the unequEil concentrations of Na in 
the two solutions Thus (withm certam limits, to be discussed later) 
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It appears that when K is substituted for Na m diluted sea water, the 
p D IS affected only by the decrease m the concentration of Na, and 
not at all by the increase in the concentration of K 



Fig 4 Curve showing the relation between the p d and the activity of NaCl 
m dilutions of natural sea water and m certain higher dilutions of KCl-nch sea 
waters The mean ionic activities of NaCl in the external solutions are plotted 
as abscissae on a logarithmic scale, decreasmg from left to nght Ordmates 
show the initial rise mPV when natural sea water was replaced by the solution 
in question The solutions are (1) dilutions of natural sea water, as reported 
in an earher paper^*— open circles, (2) the three highest dilutions of the sea 
water with 0 050 molar K.C1, from Fig 2C— double circles, open centers, (3) the 
threefold dilution of sea water with 0 100 molar KCI, from Fig 3— shaded circle, 
(4) the three highest dilutions of the sea water with 0 200 molar KCI, from 
Fig 25— double circles, shaded centers, (5) the Na+A, CI'/s sea water described 
m an earher paper^‘— triangle The method of least squares was used to deter- 
mme the best straight hne passmg through these pomts The p n with ordinary 
sea water, taken as zero, is represented by a cross, this pomt does not he on the 
curve (see page 405) 

By eliimnation, therefore, it is found that the concentration effect 
vath higher dilutions of KCl-nch sea waters, as well as with natural 
sea water, is practically the concentration effect for NaCl alone This 



E B DAMON 


395 


conclusion may be tested, in the case of sea waters containing appreci- 
able concentrahons of Na, by plotting the observed p D as a function 
of the activity of NaCl in the evtemal solution Fig 4 shows the 
result of such a test, usmg the data for PJ) with diluted natural sea 
water“ and with those higher dilutions of KCl nch sea waters where 
the PJ) time curves were of the same type as with diluted natural 
sea water The values of the mean activity'" of NaCl m these solu- 
tions, plotted as abscissae on a logarithnuc scale, vaned by tenfold 
(from 0 24 to 0 023) 

It IS evident that the concentration effect over this entire range is 
governed by the acbvity of NaCl in the external solution Smce the 
concentrations of Na+ and Cl“ were vaned mdependently m these sea 
waters, the test shows that both ions are directly concerned m the 
concentration effect The K+ ion, on the contrary, is found to have 
no percephble influence on the p d with these solutions, although the 
mean activity of KCl vaned by fivefold (from 0 012 to 0 060) 

By analogy with famihat equations for P D the empmcal equation 
represented by the straight hne of Fig 4 may be wntten in the form 


PDi — PDi 


\/(Na+)»(Cl-)i 


-0 795 


RT 

0434F 


log 


VlNar|,lCl-li 7. 
V(Na+l, (Cl-)i y> 


( 2 ) 


in which parentheses are used to denote activities and square brackets 
to denote concentrations y represents the mean activity coefficient 
for NaCl m the solution m question It is assumed that the meas- 
urements of Fig 4 correspond to the average temperature, 22®C 

i®As defined by Lewis and Randall** (page 327) Values of the activity 
coeffiaent for NaCl were obtained by graphical interpolation between values 
taken from a table compiled by H. S Hamed ** It is assumed that in these sea 
waters the activity coeffiaent for NaCl has the same value as m solutions of 
pure NaCl of the same ionic strength Effects due to the presence of glycerol 
m the diluted sea waters are neglected 

II ]Lcwis, G N , and Randall, M Thermodynamics and the free energy of 
chemical substances New York McGraw Hill Book Co Inc 1923 

Hamed H S m Taylor H S Treatise on physical chemistry New York 
D Van Nostrand Co , 2nd edition 1931 1, 772 
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With the help of this equation, we may now calculate the variations m p n 
to be expected from the small differences in the activity of NaCl m the experi- 
ments described on pages 392 and 393 In the first of these experunents, the 
concentrations of Na+ and Cl~ in the two solutions were identical, the activity 
coefficients for NaCl, however, were not the same, smce the solutions differed 
considerably in ionic strength (0 24 and 0 42) Substitutmg in equation (2) the 
values of the activity coefficient for NaCl m 0 24 and 0 42 molar solutions (0 72 
and 0 69), we find that a difference of 0 8 mv is to be espected 

In the second experiment, the concentration of Cl" was the same m both 
solutions, the value of y was also the same, smce the solutions were of equal lomc 
strength The concentrations of Na+, however, were different namely, 0 133 
and 0 163 molar Inserting these values m equation (2) we find that the p d 
with the former solution is expected to be the higher by 2 0 mv 

It will be seen that these calculated values are in excellent agreement with 
the experiments, confirmmg the assumption that only the Na^ and Cl" ions are 
important m determining the P n with these diluted sea waters 

Although the high dilutions of KCl-sea water could not be included 
in Fig 4 (because this sea water did not contain Na), we may assume 
that there is no essential difference between the concentration effect 
with these solutions and the concentration effect with the dilute sea 
waters included in this figure This assumption is home out by the 
similar form of the p D -time curves and also by the sumlar slopes of 
the p D -dilution curves at higher dilutions As shown m Fig 2, these 
slopes mcrease regularly from curve D (natural sea water) to curve A 
(KCl-sea water) This change m slope, however, can be traced to 
the change in activity coefficient with dilution, when this factor is 
taken mto account, as in Fig 4, the difference m slope becomes msig- 
nificant It is assumed, therefore, that m the concentration effect 
with all these solutions we are dealmg with a single process the out- 
ward diffusion of Na+ and Cl~ from the vacuole 

We may accordingly apply to the concentration effect with aU these 
solutions the mterpretation which was suggested m an earher paper^^ 
for the concentration effect with natural sea water It is assumed 
that m all these cases we have to do with a diffusion potential, involv- 
mg only the Na+ and Cl“ ions, in a non-aqueous layer of the proto- 
plasm m which the mobihties of the ions may differ greatly from their 
values m aqueous solutions We may assume that the layer m ques- 
tion IS the outer surface (or X) layer, judgmg from the promptness 
with which the p d arrives at its final constant value when the dilu- 
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tion of the external sea water is changed In accordance with this 
interpretation, equation (2) is supposed to be equivalent to the 
famihar Nemst equation 


PDi — rni 


« ' — p RT ^ 
u" + p 0434i?‘°®c, 


(3) 


Setting the factor, —0 795, of equation (2) equal to gives us 

a new value for the relative mobihty of Na+ m the X layer if », 
the mobility of Cl~, is arbitrarily taken as umty, »" is found to be 
0 1 14 (The difference between this and the earher value, 0 20, repre- 
sents m part the effect of additional data, m part the effect of takmg 
mto account the change in activity coefficient with dilution ) 

The quantities and c, in equation (3) are properly concentrations 
of NaCl m the non aqueous (X) layer of the protoplasm m which «" 
and 0 are the mobihties of the ions In place of these concentrations, 
which are unknoivn, equation (2) employs the mean activities of 
NaCl m the external sea waters In assuming that equations (2) and 
(3) are equivalent, it is therefore imphed that the concentrations of 
NaCl in Xa (the outer surface of the X layer) are proportional to these 
activities, t e that a distribution equihbnum has been set up with 
respect to NaCl and that the partition coefficient is constant Evi 
dently this was approximately true in the measurements with the 
dilute sea waters mcluded in Fig 4 


It IS obvious however that as long as there is a net diffusion from one layer 
to the other, the two phases can at best be only approximately m equdibnum 
With dilutions of sea waters contammg still smaller concentrations of KaCl Che 
deviations from equdibnum become too important to be neglected For example, 
with the higher ddutions of the sodium free KQ sea water the concentration 
gradients m the AT layer must have been practically the same as with equal 
ddutions of the sea water contairung 0 300 molar NaCl, smce (as shown m Fig 2) 
approximately the same p n ’s were observed with equal ddutions of the two sea 
waters To calculate the p n m such cases would require a detaded knowledge 
of the diffusion process Similarly the diffusion process must be taken mto 
account m order to explam the fadure of K* to partiapate m the concentration 
effect at higher ddutions 


We have seen that the concentration effect with high dilutions of 
KCl nch sea waters is practically the concentration effect for NaCl 
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alone, with K+ playing no significant part As the dilution of the 
KCl-nch sea water is decreased, however, a value is reached at which 
K+ begins to influence the f d , and the p d -log dilution curve, as 
shown in Fig 2, begins to diverge from the straight line which repre- 
sents the concentration effect for NaCl alone The dilution at which 
this occurs will be called the critical dilution With dilutions less 
than this critical value, the mfluence of K+ becomes mcreasmgly im- 
portant, finally brmging about the reversal of the sign of the concen- 
tration effect 

It IS evident from Fig 2 that the greater the concentration of K in 
the undiluted sea water, the higher is the dilution required to prevent 
K+ from influencing the p n A more exact knowledge of this rela- 
tionship may be gained from a study of the diffusion process in the 
external non-aqueous (X) layer of the protoplasm In this study, we 
shall assume that Xq, the outer surface of this layer, has been brought 
into distribution equflibrium with the external solution in question, 
and mvestigate the movement of K+ ions m the ensumg diffusion 
process 

We may suppose that when the Valoma ceU has been for a long time 
m natural sea water, the concentrations of K+, Na+, and Cl~ wiU be 
uniform throughout the X layer, in distribution equilibrium with the 
external sea water, as shown in Fig 5a When a ceU is transferred 
from natural sea water to a diluted natural or KCI-rich sea water, we 
may imagine that m Xo distribution equihbrium with the new solu- 
tion is set up at once, while m the mam body of the X layer the con- 
centrations remain for a time at their former values as m Fig 5a 
Between these two regions there wiU be a concentration gradient, the 
length of which we may call 8 Distances along this gradient normal 
to the boundary surface will be measured in terms of the hnear co- 
ordinate A This situation is illustrated in Fig 5b 

We may now mquire under what conditions (t e , with which exter- 
nal solutions) K+ wiU diffuse from this outer film further into the X 
layer, and under what conditions K+ will diffuse outward from the 
mam body of the X layer mto the surface film Smce it is probable 
that K+ will diffuse inward when the concentration of K m the ex- 
ternal solution IS very high, and outward when it is very low, the prob- 
lem resolves itself mto the calculation, for each of the KCl-nch sea 
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waters, of the cntical dilutioa at which K+ does not diffuse in either 
direction in the X layer 

Nemst^^ was the hist to point out that the diffusion of an ion de- 
pends not only on the concentration gradient but also on the electro 
static forces which are set up m maintaining electro neutrality when 

Natural sea water C[ dl Ci 

Outer (X) layer of Valoma t n 

ptotoplasm ' 

Idam body of protoplasm 

Fic Sa 


Diluted natural or K.C1 
nch sea water Ca Ca C» 

•X# c% Ci Ct 

Outer (AT) layer of 7a/onto x « 3 

protoplasm x » 0 

Cl Cl Cl 

Mam body of protoplasm 

Fio Sb 

FiG 5 Hypotheucal diagrams of Valoma protoplasm, showmg conditions 
which are assumed m the calculation of the critical dilutions The symbols 
Cl , Cl, and Ci denote the concentrations of K'*’ Na'*’, and Cl*" in the outer, non 
aqueous (X) layer of the protoplasm, in distribution equihbnum with natural 
sea water, m which the concentrations of these ions are Ci di, and Ci Sum 
larly Cj , ci and c* represent the concentrations of these ions m a portion of the 
X layer m distribution eqmlibnum with a diluted natural or modified sea water 
m which the concentrations of K* Na+i and Cl" are Cj Cj and Ca 

ions have unequal mobihties This has been expressed in mathema- 
tical form by Planck>* m the equation 

n' ^ RT u ec' r- (4oJ 

dx dx 

where is the number of cations of some particular speaes (here K+) 
which at any pomt of the boundary layer pass through umt area m 

WNemst, W , Z phys Chem , 1888, 2, 613 

i*Plan<i., M , Stl 2 ««gficr prextss Akad Wxss , phystkal math Xf, 1930, 367 
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unit time, the solvent being at rest Similarly we may write for 
Na+ 


and for Cl~ 


, dc” 

n“ = ~u"RT U"tc 

dx 


dx 




„„dc ^ d(j> 
n = —vRT — + vtc — 
dx dx 


(4c) 


Here w', u", and v represent the relative mobihties, and c', c” , and c 
the concentrations of the K+, Na+, and Cl“ ions m the X layer, R, 
the gas law constant, T, the absolute temperature, e, the charge on a 
gram mole of imivalent ions, (f>, the electrostatic potential If no 
current flows 

n' + n" = n (5) 

Substitutmg in equation (5) the values of n', n" , and n given m equa- 
tions (4a, 6, c), we obtain 

^ dfdxWc' + - Bc) 

dx e ti'c' + + VC 


which IS the fundamental equation for the diffusion potential as de- 
rived by Planck 

Ehmmatmg ~ from equations (4a) and (6), we obtam an equation*® 

for the number of diffusing K+ ions m terms of concentrations and 
mobihties alone 


n' = -u'RT 



/ + k"c'' — pc) l 

^ u'c' + «"c" VC J 


(7) 


At the critical dilution, we assume that, as stated on page 398, 
K+ does not diffuse in either direction so that n' = 0 Then 


dc' _ , dldxju'c’ + u"c" — vc) 
dx~ u'c' + «"c" + vc 


*® Equations apparently similar to equation (7) but using a different notation 
are given by McBam, J W , and Dawson, C R , / Am Chem Sac , 1934, 
56, 52 
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which may be simphfied algebraically^* to give 
dc* dfdxiu *c — w) 

Since k' does not appear in equation (9) we see that the cntical dilu 
tion IS independent of tlie mobihty of the retarded ion 
In order to integrate equation (9) the concentrations c and c" must 
be expressed as funcbons of * For our purposes, however, it is not 
necessary to postulate any particular form of concentration gradient 
Thus, for the concentration of Cl~ we may adopt the general expres- 
sions 

c “ Cl + (ci - Ci)/W (10) 

^ “ (c> - Cl)/ (i) (lOo) 


where /(*) may be any contmuous function of x which satisfies the 
conditions 

when X <« 0 /(x) ** 0 and hence c — ci 

when X » S /(x) « 1 and hence c = c, 

Here tlie subscripts have the same meamng as in Fig 5 Equations 
similar to (10) may be written for c' and c", usmg suitable functions 
of X (not necessanly identical with /(*)) The three equations, how 
ever, must be related to one another in such a way that the law of 
electro neutrahty is mamtamed for all values of a: An expression for 
c" which fulfills this requirement is obtained by combming equation 
(10) with the equation expressing the condition of electro-neutrahty 
c' -f c" = c We get 

c = Cl -l- (ci - c0/(ri - c (11) 

^ = (lx - c.)/ (i) - ^ (llo) 

dx ax 


uc + u c" 4- rc 


then subtracting 


**By multiplying the equation fay 


u c + rc 
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By substituting these values of c and c” in equation (9) and simpli- 
fying algebraically we obtain 


1 ~ ^ / s S'^x) 

c' dx u" Cl -f (Cj - Ci)f(x) 

which may now be integrated over the length of the concentration 
gradient 



it” - V 

u" -}- u 


— Cl) 



S'{x)dx 

Cl + — Ci)/(a:) 


to give the expression 

t 

c, 

log -7 

C, 


it” — D 
U” + P 


log 


f? 


(13) 


(14) 


which characterizes the critical dilution 
Before equation (14) can be used, however, Ci, Cj, Ci, and c^', repre- 
senting unknown concentrations m the X layer, must be expressed m 
terms of known concentrations or activities m the external solution 
with which the X layer is assumed to be in distribution equihbnum 
The assumptions and approximations mvolved in this substitution 
are brought out in the following discussion 


The activity^^ of KCl m a tf-fold dilution of natural or KCl-nch sea water is 


, . CkCci I 
Ow = «i 7KCI 


(15) 


where Ck and Cci are the total concentrations of K and CI in the undiluted sea 
water and 7kci is the mean activity coefBcient for KCl m a sea water of dilu- 
tion d (For strong electrolytes, hke KCl in aqueous solution, it is customary 
to define the activity in such a way that h is equal to umty ) For the activity 
of KCl m Xq we may write 

Oj. = k'^cc (Id) 

assummg that m this layer we are deahng with such dilute solutions that the 
concentrations of the ions may be substituted for their activities without mtro- 
ducmg senous error Here, as m Fig 5, c and o' represent concentrations of 
Cl" and K+ ions— not total concentrations of Cl and K— m the X layer Since 

defined by Lewis and Randall” and represented m their notation by 
the swnbol na 
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\o IS m distribution equilibrium with the external solution, o wU be proper 
tional to aw, then 


e e “ 7£CI (17a) 

a* 

Similarly we may WTite for the distnbution of NaCl between the same two phases 

, ^Na^Cl * 

c 6 « — 37“ T'NaD (176) 

a' 


In the present calculations, we may neglect the small difference between the 
activity coefficients for KCl and NaCI, and use the same value of r for both 
salts For this \ alue we shall take the mean of 7Ka and 7Naa » the activity 
coeffiaents for KCl and NaCl m solutions of the pure salts havmg the same 
lomc strength as the d fold dilution of sea water 

In equations (17o) and (176), ki and k" represent the distnbution coefficients 
for K.CI and NaCl Adding these two equations and mtioducing for con 
vemence the ratio, r, defined by equation (18) 



we obtam 

c(c + tf ) e Cci(Cn» + rCjd 
<P 


(18) 

(19) 


If KCl and NaCl are the only substances present m the X layer which furnish 
K^, Na"^, and Cl“ ions in significant amounts 


and 


c + c 


iiy 


VCcKCno -4^ rCjS 


( 20 ) 

( 21 ) 


Corresponding expressiono for the concentrations of Na+ and m \o arc 
obtamed by dividmg equation (17a) by (175) and mtroducmg (18) and (20) 
For K'*' this gives us 


C^a "b rCK 


( 22 ) 


To calculate the cntical dilutions of the various KCl nch sea waters, 
we may now combine equations (21) and (22) with (14) and substitute 
numerical values We obtam, after rearrangement, an equation 


yd 


log 


I t# q- r 


I » 


0 488 -f 0 012r 


Ci^a + rCK 


(23) 
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which tells US (if the value of r is known) the value of — for a KCl- 

id 

nch sea water in which the concentrations of potassium and sodium 
are and Cxa Here d!^ represents the cntical dilution, the 
activity coefficient for KCl and NaCl in sea water of this dilution, 
7 i (= 0 64), the activity coefficient for KCl and NaCl m undiluted 
sea water, 0 012 and 0 488 the molar concentrations of K and Na in 
ordmary sea water, tt!’ (= 0 114), and v (= 1 00), the relative mobih- 
ties of Na+ and Cl~ in the X layer, r, the ratio defined m equation 
(18) The value of the cntical dilution, d*, can readily be obtamed 

d 

from — by means of a graph^® m which — is plotted as a function of d 
yd 7 

d'* 

Before — can be calculated, however, some assumption must be 
yd 

made as to the value of r, the ratio of the distnbution coefficients for 
KCl and NaCl For an analogous case, Shedlovsky and Uhhg” have 
predicted from theoretical considerations that the smaller the ion 
sizes the smaller will be the partition coefficients (defined as m equa- 
tions (17a, b)) This prediction is confirmed by their measurements 
of distnbution between water and guaiacol Since the lomc radius 
of Na+ IS less than that of K+, we may assume m accordance with 
their prediction that kz” is smaller than kz', and hence that r is not less 
than umty 

We then find that accordmg to equation (23) it makes httle differ- 
ence what value (greater than umty) is assigned tor If as a lower 
hmit we set r equal to umty the final term of equation (23) becomes 
zero, since in all these sea waters Cn» -j- Ck = 0 500 If, on the 


Data for constructing such a graph are given in the following table The 
values of 7 given in the second line are means of 7KC1 3.ad 7NaCl taken from the 
table compiled by Harned ^ The third line gives the dilutions of Bermuda sea 
water which have the ionic strengths listed m Ime 1 
Ionic strength 
Activity coefficient, 

y 

Dilution, d 
d 
y 


0 05 

0 1 

0 2 

0 5 

I 0 

0 818 
14 43 

0 771 

7 23 

0 722 

3 61 

0 661 

1 44 

0 627 
0 72 

17 64 

9 38 

5 01 

2 18 

1 15 

Uhlig, H 

H , / Gm 

Physiol , 

1933-34, 17, 563 
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Other hand, we allow the value of r to increase without hunt, the last 

The following table 


term of equation (23) approaches ^ log 

2v 0^ 


gives the values of the cntical dilution for the sea waters used in 
these experiments, calculated for these two extreme cases It will 
be seen that the calculated values of d* are httle mfluenced by the 
value assigned to r 


Molar concentration of K. m undiluted sea 
^s-aters 0^00 

Cnticol dilution, calc., if r IS equal to unity 100 
Cnticaldilution calc,i{risinfimtelylarge 7 9 


0200 0050 0 012 

57 24 10 

4 8 10 


In the case of natural sea water, equation (23) states that the 
undiluted solution represents the cntical dilution This follows 
directly from the assumption (Fig So) of uniform concentrations of 
K+, Na+, and Cl~ throughout the X layer m distnbution equihbnum 
with natural sea water, smce in the absence of concentration gradients 
we should not expect a net diffusion m either direction 

The assumption that the concentrations of K+, Na+, and Cl~ are 
uniform throughout the X layer when the cell has been for a long time 
m natural sea water does not take mto account the fact that cells 
growmg m ordinary sea water actually do take m KCl and NaCl 
Accordingly, these calculations apply stnctly only to cells which are 
not growing In the case of growmg cells, however, the calculations 
may be regarded as approximately correct, smce we may assume that 
the net diffusion which accompames growth m ordmary sea water is 
a very slow process m comparison with the difiusion which follows 
the important changes m the composition of the external solution 
dunng the expenments reported here 

Experiments show that the critical dilution tor natural sea water 
IS m fact somewhat greater than the calculated value, unity If the 
K."'' ions present m ordmary sea water were actually without influence, 
the p D should remam unchanged when these ions are replaced by 
Na+ ions It has been found,” however, that the p d with such 
KCl free sea water is 2 to 4 mv less than with ordmary sea water 

I® Damon EE/ Ge» Phystal , 1932-33, 16, 378, curve marked Ck “ 0 
also unpublished measurements 
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This effect is much too large to be ascribed to the change in concen- 
tration of Na+ alone, which accordmg to equation (16) should lead to 
a decrease of only 0 2 mv On the other hand, the effect is consider- 
ably less than might be predicted from the behavior with KCl-rich 
sea waters It has been shown^^ that the mitial rise in p d with un- 
diluted KCl-nch sea waters is given by the expression 

p D = 59 1 log {BCk + D) (mv at 25°) (24) 

where the constants B and D have the values 23 4 and 0 72, respec- 
tively According to this equation, a decrease of 8 5 mv is to be 
expected with KCl-free sea water We may conclude, accordingly, 
that while K+ still plays a part in the p d with ordinary sea water, its 
influence is diminished because this solution is not far from the criti- 
cal dilution, a slight dilution then suffices to prevent K+ from affect- 
ing the p D This is the behavior which we should expect m growing 
cells 

In the case of the KCl-rich sea waters, the variation m the observed 
p D ’s IS too great to permit assignmg precise values to the critical 
dilutions It will be seen from Fig 2, however, that the range of 
calculated values given in the above table is consistent with the ex- 
periments The agreement between the observed and calculated 
values of critical dilution is especially striking if the p n -dilution 
curves of Fig 2 are fitted to the highest (instead of the average) ob- 
served values of P D Since in these measurements the experimental 
errors tend to make the observed p D ’s too low, there is good reason 
to believe that these highest values of p D are the most rehable 

It is evident from Fig 2 that the observed values of critical dilu- 
tion with the KCl-rich sea waters are in no case higher than the 
values computed for r = 1 This confirms the assumption, based on 
the prediction of Shedlovsky and Uhlig, that the distribution coef- 
ficient for ZCl IS not less than that for NaCl Unfortunately, we 
cannot draw from the present data a more definite conclusion as to 
the value of r It is possible that r may vary considerably from cell 
to cell, or m the same cell under different conditions 

The success of these calculations of critical dilution shows the im- 
portance of the diffusion process in the X layer for determining the 

Damon, E B , / Gen Physiol , 1932-33, 16, 392 



E B DAMON 


407 


behavior of K.+ in the concentration effect With those smaller dilu 
tions of KCl nch sea waters where K+ plays an important part in the 
p D , we find that the diffusion of K1+ m the X layer is directed indiard 
K.+ enters the protoplasm from these solutions With higher dilu- 
tions of these sea waters, where K+ appears to play no part in the 
p D , we find that the diffusion of K+ in the X layer is directed oui- 
Jiard K+ tends to pass from the protoplasm to the external solution 
until the concentration gradient in X teaches the steady state defined 
by equation (14) Smce the p D with these solutions shows no evi 
dence of the outward diffusion of E+ we may conclude (1) that the 
amount of KCl ordmanly present in the protoplasm is too small to 
produce any lasting electrical effect when the external sea water is 
diluted and (2) that under the conditions of these experiments KCl 
does not diffuse out from the vacuole rapidly enough to affect the 
pD appreaably 

In contrast to the behavior of K+, it appears that there is httle 
hmdrance to the outward diffusion of Na+ and Cl” from the vacuole 
From the constancy of the p J) in dilute sea waters (above the critical 
dilution) we may infer (1) that NaCl comes out from the vacuole 
rapidly enough to mamtam a practically constant concentration 
gradient m the X layer, and (2) that the outward diffusion of NaCl 
has httle effect on the p d at the V layer It is possible that small 
changes m the p D at 2f ate compensated by simultaneous changes in 
the PJ) at Y 

The failure of K+ to come out from the vacuole mdicates that the 
mechamsm by which KCl is accumulated m the cell sap remams effec- 
tive when the cell is exposed for bnef mtervals to isotomc dilutions of 
sea waters Unfortunately, the study of concentration effect has 
furmshed no new information as to the nature of this mechamsm In 
the present discussion, it has been tacitly assumed that this mecha 
nism IS to be found at the Y layer It may consistently be assumed, 
for example, that the Y layer behaves like the guaiacol layer of the 
model proposed by Osterhout and his coworkers ^ 

It has been mentioned m earher reports that more drastic treatment 
(too prolonged exposure, or exposure to too high dilutions) produces 
in Valonta secondary changes which are made evident by a sudden 

a Osterhout, W J V Ergchl , 1933, 36, 983 
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reversal of the sign of the p d across the protoplasm It is perhaps 
significant that this change m p d is in the direction which we should 
expect from outward diffusion of KCl from the vacuole, if tins were 
made possible by a breakdown of the mechanism by winch ICCl is 
accumulated 

Since this reversal of the sign of the p d is produced also by ex- 
posure to undiluted ICCl-free sea water^", it appears that the decreased 
activity of KCl m the external solution, rather than any other effect 
of dilution, may be the most important factor in causing the secondary 
changes This would explain why greater dilutions of ICCl-nch sea 
waters than of natural sea water can safely be applied to Valoiua In 
the dilutions of KCl-rich sea waters included in Fig 2, foi example, 
the activity of KCl is in all cases greater than in the fivefold dilution 
of natural sea water 


SUMMARY 

The concentration effect with sea waters containing more than the 
normal amount of potassium has been studied in Valonia macrophysa 
This was done by comparing the mitial changes in p d across the pro- 
toplasm when natural sea water bathmg the cell was replaced by 
various isotonic dilutions of KCI-rich sea waters 

With small dilutions of KCl-nch sea waters, the p d -time curves 
are of the same form as with the undiluted solution, exhibiting the 
fluctuations characteristic of KCl-nch solutions This indicates that 
with these solutions K+ enters Valoma protoplasm and plays an im- 
portant part in the p d The value of the initial rise in p d decreases 
with increasing dilution 

With high dilutions of KCl-nch sea waters, the p d -time curves 
are of quite different shape, resembling the curves with diluted na- 
tural sea water, the p d is practically independent of small changes 
m the concentration of potassium, and increases with increasing dilu- 
tion That is, with these higher dilutions, the sign of the concentra- 
tion effect IS reversed, becoming the same as with diluted natural sea 
water 

The greater the concentration of KCl in the undiluted sea water, 
the higher is the critical dilution at which K ^ ceases to influence the 

PD 



E B DAilON 


409 


For a wide range of sea waters containing both KCl and NaCI, it 
IS shown that the concentration effect above the cntical dilution is 
determined solely by the activity of NaCl m the external solution 
It IS concluded that with dilute natural sea water and with high dilu- 
tions of KCl rich sea waters we have to do with a diffusion potential, 
mvolvmg only the Na+ and Cl~ ions, which are diffusmg out from the 
vacuole 

A quantitative relabon between the composition of the sea water 
and the critical dilution has been deduced from the classical theory of 
the diffusion of electrolytes It is shown that with dilutions less than 
this critical value the diffusion of K.+ m the outer non aqueous layer 
of the protoplasm is directed mward, hence K+ enters the protoplasm 
from these solutions With ddutions greater than the cntical value, 
the diffusion of K+ m this layer is duected outward, hence K.+ does 
not enter the protoplasm 

Smee the pji shows no evidence of this outward diffusion of K.+, 
It IS concluded that the amount of K+ ordmanly present m the proto- 
plasm IS too small to produce any lastmg electneal effect, and that 
the outward diffusion of K+ from the vacuole is prevented by the 
mechanism responsible for the accumulation of KCl m the cell sap 
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THE ABSORPTION SPECTRUM OF VISUAL PURPLE 

Bv AURIN M CHASE and CHARLES HAIG 
{From the Laboratory of Stophystes, Columbia Unitersity, Ntrui York) 
(Accepted (or publication, October I, 1937) 

I 

Classical and Unbleached Absorption Spectrum 

The classical absorption spectrum of visual purple (Kottgen and 
Abelsdorff, 1896) is the difference in photometric density 0og hfl) at 
difletent wave lengths between a solution in its unbleached and its 
bleached condition The reason for this procedure is that extracts of 
visual purple are not pure but contain other substances which may be 
colored The resulting classical subtraction curve is a nearly sym- 
metrical absorption spectrum with a maximum at about 500 mp It 
undoubtedly represents an important property of visual purple, be 
cause it resembles closely the rod visibihty curve (Hecht and Wilhams, 
1922, Weaver, 1937, Dartnall and Gloodeve, 1937) 

The subtraction procedure is vahd only if visual purple is the one 
hght sensitive substance m the retinal extract, if no new color appears 
when visual purple is bleached, and if the absorption of the photo 
labile group in the molecule is solely responsible for its color It is 
not certain that visual purple is the only hght sensitive substance m 
the frog’s retinal extract (Chase, 1937), and it has been repeatedly 
observed that under some conditions a new color anses when visual 
purple IS bleached (Kuhne, 1879, Garten, 1907, Nakashima, 1929, 
Weigert and Nakashima, 1930, Hosoya, 1933, Wald, 1935, Chase, 
1936, Lythgoe, 1937, and others) Fmally, there is no experimental 
justification for the assumption that the molecule aside from its 
hght sensitive group or groups is colorless The protem nature of the 
molecule (Klihne, 1879, Wald, 1935, and Hecht, Chase, and Shlaer, 
1937) makes the third assumption even less tenable because proteins 
absorb some hght in the visible region of the spectrum 
If the solutions could be freed of other colored substances, then the 
411 
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absorption spectrum of unbleached retinal extracts would descnbe 
visual purple However, such extracts show variable absorption 
spectra, particularly in the blue-vioiet, depending on the treatment 
they have undergone, and even when special punfications are em- 
ployed they differ distinctly from the classical difference curve Since 
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Fig 1 Computed classical visual purple absorption spectra of extractions made 
with 4 per cent purified bile salts, 2 per cent digitalin, and water, all after pre- 
treatment of the retinas with alum The sohd line is the average of the five sets of 
values, and is a nearly symmetrical curve with its maximum at 500 mjti The 
dotted hnes indicate roughly the variation of the data Kottgen and Abelsdorff's 
classical frog visual purple absorption spectrum, an average of five sets of measure- 
ments, IS shown by the large squares It has a negative value at 420 mg All 
data have been adjusted to a density of 1 0 at 500 mg 

the differences are mainly in the blue-violet, we have adopted the 
ratio of the density at 500 mix to the density at 420 myx as a cntenon of 
punty of the visual purple color The absorption and reflection of 
our measunng cells filled with water are practically constant and equal 
a density of 0 03 throughout the visible spectrum, this is subtracted 
from all measured densities before the ratio is calculated 
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Tig 1 sliows difference curves for solutions prepared m a vanety of 
ways presently to be descnbed, their densities at 500 mju were made 
equal to 1 0 The solid line m Fig 1 is the average of the five sets of 
data within the envelope It is very similar to Kottgen and Abels 
dorff’s classical absorption spectrum, also shown m the figure Its 
500/420 ratio is 8 0 In no case has this ratio for unbleached visual 
purple solutions been greater than 2 8, seldom as high, and usually 
considerably less 

In the effort to make the absorption of the unbleached solution 
resemble the classical absorption spectrum, we have subjected the 
rctmas and the retinal extracts to various treatments designed to 
eliminate absorption by substances other than visual purple The 
extreme lability of visual purple prohibits the methods of chemical 
purification usually employed in such a situation and has limited us 
to the use ot a few physical and chemical processes Since at present 
the only cntenon of visual purple punty is its color, all analyses have 
been made with the sensitive photoelectnc spectrophotometer de- 
signed by Shlaer (1938) 


u 

^fethods of Preparation 

(^) Procedure — ^Thc method commonly employed for extracting visual purple 
from the frog’s tetma is essentially that used by Kdhne (1879) A number of frogs 
{Rana ptpiots, freshly received from Alburg Vermont, m our case) are dark 
adapted overnight at room temperature The heads are then cut off and nnsed 
in water or physiological salt solution and the ejes removed These are cut 
through just back of the ms with a razor blade, the lens discarded and the retina 
lifted out from the bulbus and put in salt solution or distilled water After all 
of the retinas have been collected m this way, they arc centrifuged and the super 
natant hquid discarded A quantity of 4 per cent purified bile salts solution 2 
per cent igitahn,' or other extractive is then added m the proportion ot about 1 
cc for each 25 retinas and the extraction allowed to proceed for the desired time, 
10 minutes to 2 hours, ivith or without sUmng and at any desired temperature 
The mixture is then centrifuged at a fairly high speed for H hour to IH hours, usu 
ally at 6 C m our case since low temperature retards decomposition during centnf 
ugation The resultmg hquid is carefully pipetted off from the packed retinal 
debns and pigment and stored at 0-6 C until it is used, which is usually withm 
48 hours after preparation 


Djgitahn crystalhne, lot 057, Euner and Amend, New York, 



414 


VISUAL PURPLE ABSORPTION SPECTRUM 


The solutions we have prepared m this way, as well as those so prepared by 
most other investigators, are invanably shghtly turbid, exhibit a Tyndall cone, 
and absorb strongly in the blue-violet Hardening the posterior half of the eye 
in 4 per cent alum solution before the retina is removed greatly deaeases the 
blue-violet absorption of the resultmg unbleached solution and also decreases its 
turbidity Experiment has shown that 2 hours is the optimum time for the 
effect The alum must be carefully washed out, espeaally if the pH of the visual 
purple solution is to be changed 
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Fig 2 Four simultaneous extractions made under identical conditions The 
data, plotted on an arbitrary scale as log density, are shifted at 500 m^ so as to 
be equally separated from each other The same curve is drawn through the 
four sets of data It is apparent that at all wave-lengths the four curves are 
equidistant from each other, with the exception of two points This is proof that 
these four simultaneous extractions contain the same relative amounts of all 
constituents and that differences experunentally produced in such simultaneous 
extractions are significant 

(jB) Normal Vanakon —Before any cntical expenments could be 
undertaken to test the effect of different treatments on the visual 
purple absorption spectrum, it was necessary to evaluate the normal 
range of variation in identical extractions 

Four simultaneous extractions were made under identical conditions 
from the retinas of equal numbers of frogs dark adapted at the same 
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tune Alum was used to harden the retinas and 2 per cent digitaUn 
to extract them, and the solutions were afterwards buffered at pH 
7 76 The density values of the four extractions at 500 mp vaned 
m a random way by about 20 per cent After subtraction of the 
density of the cell filled with water, log density of the four unbleached 
solutions was plotted against wave length * In Fig 2 these values are 
shown, after shiftmg the curves vertically to separate the pomts at 
500 m/i from each other by the same equal distance With the excep 
tion of two pomts, this results in an equal separation of all the pomts 
at all wave lengths, which shows that the four extractions contam 
the same relative proportions of all constituents, although their abso 
lute densities are different 

In view of this identity, any differences that appear as the result 
of treatment durmg an extraction can be considered significant 

m 

Ejects of Vartous Treatments 

(A) Alum — Fig 3 shows the absorphon spectra of unbleached 
solutions prepared with and without alum pre treatment The densi 
ties have been made equal to 1 0 at 500 mp, after allowmg for the cells' 
reflection and absorption Clearly, the alum treatment mcreases 
the transmission of the solution m the blue and violet It is possible 
that the apparent extra absorption when alum has not been used is 
really dispersion and scattering of hght, and the foUowmg considera- 
tions bear this out 

The absorption spectra of the purest unbleached extractions pre 
pared with alum are almost identical with the classical difference curve 
of Fig 1 between 600 and 500 mp Consequently the subtraction of 
the difference curve leaves a residual density curve which mcreases 
from zero at 500 mp to an appreciable value at 420 mp This curve 
IS not descnbable throughout the spectrum by the Rayleigh equation 

® In all cases where data are plotted as log density, an arbitrary loganthmic 
scale has been used since the values can then be shifted vertically The absolute 
density of most of the solutions tested was slightly less than I 0 for 10 nulhmeters 
depth measured at SOO mp 
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for scattering of light, ^ and consequently represents real light absorp- 
tion rather than dispersion 

In the case of an extraction made uiihout alum, on the other hand, 
subtraction of the classical difference curve leaves a residual density 
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Fig 3 Visual purple solutions prepared 'svitb vanous estracUves with and 
without the use of alum The sohd hue is drawn through the data from the non- 
alum-treated bile salts extraction, and the broken hue through the data from the 
alum-treated bile salts extraction Note that the use of alum m the extraction 
caused a generally decreased density throughout the spectrum, except m the case 
of the water extraction All data have been adjusted to have a density of 1 0 
at 500 mp. 

curve which has a low value at 600 mju, mcreases gradually to 500 m/i, 
and then more rapidly to 420 mju men these residual density 

3 j _ / where a is the thickness of the scattermg medium and K is a 

constant characteristic of the soluUon (Strutt, J W . 1871) For convenience the 
equation can be throini mto its linear form and density can then be plotted agams 

lA^ 
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values are tested with the Rayleigh equation, the fit is good from 600 
to 500 mu but not from 500 to 420 mju Therefore both the alum 
and non alum extractions contain a substance which absorbs light of 
w ave lengths shorter than 500 m;i, and the non alum extractions 
contam m addifaon a hght dispersmg factor The unbleached absorp 
tion spectrum of a non alum extraction should then be capable of 
separation into at least three components, the hght absorption of 
the photosensitive group (probably represented by the classical visual 
purple absorption spectrum), the light absorption caused by a yellow 
hght stable group or substance, and a hght dispersing factor not 
present in alum extractions 

The classical visual purple absorption spectrum can be calculated 
from the measurements of the unbleached and bleached non alum 
solution The absorption spectrum of the hght stable component, 
however, must be obtamed in a less direct way If this hght stable 
component is m the visual purple molecule itself, its density should be 
proportional to tliat of the light sensihve group On this assumption 
the absorption spectrum of the hght stable group in the non alum 
extraction can be found by mulhplymg its absorption spectrum m the 
alum extraction (where no comphcatmg dispersion factor is present) 
by the ratio between the densities of the hght sensitive groups m the 
two types of extraction 

Havmg obtamed the absorption spectrum of the hght stable yellow 
component of the non alum extraction m this way, it can be sub 
tracted, along with that of the photosensitive group, from the absorp 
tion spectrum of the unbleached non alum extraction WTien this is 
done and the resultmg density values are plotted agamst ly^‘, a 
straight hne describes the values tliroughout the visible spectrum 
Therefore, visual purple extractions made without hardening the 
retmas with alum appear to differ from tliosc in which alum is used 
merely by dispersion of the madent hght, that is, by the presence of 
substances m the solution which scatter rather than absorb the beam 
The fact that the residual density curve calculated for the purest 
alum extractions is not descnbed by the dispersion equation mdicates 
that m this case a true hght absorption tabes place, probably repre 
sentmg the photostable part of the visual purple molecule 

(B) Re exiraction — ^This conclusion is supported by experiments on 
repeated extractions Three successive 10 mmute extractions were 
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made on the same batch of retinas, using 2 per cent digitalm solution 
at 0°C The absolute density values at 500 mix were respectively, 
1 045, 0 355, and 0 275, m a 10 millimeter cell, after subtractmg the 
density of the cell and water 

For purposes of comparison, log density values were computed for 
the three curves and each curve was shifted on the log density axis 


I 
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Fig 4 Three successive extractions with 2 per cent digitalin on the same batch 
of retinas, alum-treated The data have been plotted as log density on an arbi- 
trary log scale after having been adjusted to be equal at 500 mjt Note that curve 
a, that of the first extraction, shows relatively more visual purple color than does 
curve h, the second extraction, or curve c, the third 

SO that the points at 500 m/x are supenmposed Fig 4 shows that 
the first extraction contains relatively more visual purple than the two 
succeeding ones These results indicate that a great deal of the color, 
particularly that resulting from absorption of blue and yellow, is 
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caused by extraction of substances other than visual purple, and 
which are less soluble in 2 per cent digitalin solution 

(C) Exiracli ’es — Simultaneous extractions were made from alum 
treated retmas under identical conditions, usmg aqueous solutions of 2 
per cent digitahn, 4 per cent purified bile salts, 4 per cent sodium 
desoxycholate solution,* and distilled water, and were buffered to 
pH 9 2 Fig 5 shows that the absorption spectra of these four un 



FxG 5 Unbleached visual purple absorption spectra of four simultaneous 
extractions made with different substances The ongmal data have been plotted 
after subtraction of the reflection and absorption of the cell filled vnth water 
Alum was used to harden the retinas The water extraction contains relaUvely 
less visual purple color than do the others 

bleached solutions are similar except for the water extraction, which 
gives a relatively high absorption m the blue and yellow In Fig 6 
the difference spectra of these extractions are plotted and the average 
of the four sets of data shown by the sohd Ime Evidently the das 
* Riedel de Haen Inc , New York 
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sical difference spectrum is not affected by the kind of extractive used, 
athough the absorption of the solution as a whole is modified con- 
siderably, especially in the case of the water extraction Very likely 
the difference spectrum records the absorption of the light-sensitive 
component of the molecule more nearly than do the spectra of the 
unbleached solutions 



Fig 6 Classical visual purple absorption spectra calculated from the curves 
shown in Fig 5 and from the curves of the bleached solutions (not shown) All 
values are adjusted so as to have a density of 1 0 at 500 m/i The sohd hne is the 
average of the four curves. Note that the classical difference curve is not affected 
by the kind of extractive 

Sodium desoxycholate extractions are unique in that no regeneration 
of visual purple occurs after bleaching Addition of 4 per cent of 
sodium desoxycholate to a bile salts or digitalin extraction of visual 
purple buffered at pH 7 76 also prevents regeneration (Hecht, Chase, 
Shlaer, and Haig, 1936) 

Hosoya used several different extractives digitonm, sodium glyco- 
cholate, sodium oleate, saponin, panaxtoxm, and sodium sahcylate, 
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but without alum pro treatment (Hosoya, 1933, Hosoya and Bayerl, 
1933) As IS to be expected, the solutions all show a high density m 
the blue, witli a low S00/42Q ratio which is frequently less than 1 
The extractives vary among themselves m effectiveness, sodium 
salicylate bemg the worst 

Our water extracts are apparently much like those produced by the 
other extractives and agree with Dartnall and Goodeve’s findings 
(1937) Kuhne (1879) could not make any water extracts, and sug 
gested that such apparent extracts are fine suspensions of rod frag 
raents However, microscopic exanunation after addition of concen 
trated NaCl to our extracts has not shown such fragments to be 
present The visual purple color rapidly disappears from such 
extractions even m the dark at 0°C , and it seems likely that the 
presence of bile salts, digitahn, or some other substance has a pro 
tective effect on the xusual purple molecule in solution This is borne 
out by experiments with different concentrations of extractive 
(D) Vigtlaltn Concentrahon — ^Three simultaneous extractions were 
made from one batch of retinas, usmg 3, 6, and 10 per cent digitahn 
solution The log density plots of Fig 7 show that the digitalm 
concentration probably does not mfluence the visual purple punty 
witlim the concentration range tested, nor does it affect the density of 
the extract very much But it does influence its keepmg power 
After measurement, these three solutions were stored m the dark at 
0° for 7 weeks and then measured agam Fig 8 shows that the 
higher the digitahn concentration, the less the decrease in density 
at 500 mji durmg this penod, mdicatmg that the digitahn protects 
the visual purple 

(£) Agtwg —The decrease in visual purple concentration, desenbed 
m the precedmg section, occurs much faster at room temperature in 
both 4 per cent bile salts and 2 per cent digitahn extractions 
Measured at 500 mp a density decrease always occurs Its rate is 
least around pH 7 6 The Qa for this change is approximately 8, 
mdicatmg that the phenomenon may be due to heat denaturation of a 
protem Kuhne long ago came to the same conclusion (1879) re 
iterated recently by Mirsky (1936) 

The density of bile salts extractions decreases at all wave lengths 
Digitahn extractions, however show in alkalme reactions an mcrease 
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m density m the blue and a decrease m other parts of the spectrum, 
while m acid reactions they behave like the bile salts extractions 
The 500/420 density ratio of the unbleached visual purple absorp- 
tion spectrum is never improved by these changes, the fresh solutions 
always show a more symmetrical curve 
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Fig 7 Simultaneous extractions made with three concentrations of digitalm 
Log density is plotted on an arbitrary scale after superimposing the points at 500 
mp The concentration of digitalin has very little effect on the relative amounts 
of retinal substances extracted, except perhaps in the case of the 10 per cent digi- 
talin extraction where the purity of visual purple color is slightly less 

{F) Hydrogen Ion Concentrakon —Visual purple is a protein, and 
if other proteins are present, their isoelectric points are probably not 
the same, and different pH’s might affect them differently and thus 
influence the solutions of visual purple We first tested the influence 
of pH after extraction, and then dunng extraction 

A solution of visual purple extracted at 30° for 10 minutes was divi e 
into five samples, and buffered to pH 5 50, 5 76, 6 63, 7 78, and 10 08 
respectively The absorption spectra of the unbleached samples are 
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plotted in Fig 9 as log density with all the points at 500 m;i super 
imposed lor companson They show that there is a tegular, but very 
slight, increase m symmetry as the pH mcreases This may mean 
that the unbleached visual purple molecule contams some group 
which behaves as an. mdicator for (H+ j, as its decomposition product 



Fig S Effect of conceatration of digitalm on keeping power of visual purple 
solutious at 0 C Crosses indicate the absorption spectrum of the three solutions 
freshly prepared The white circles represent the absorpUon spectrum after 7 
weeks m the dark at 0 of the extract made with 10 per cent digitahn the mangles 
represent the 6 per cent digitahn extraction, and the black circles the 3 per cent 
digitahn extraction Water extractions which contam no digitahn or other 
extractive usually lose all visual purple color withm 48 hours m the dark at 0 

IS known to do (Chase, 1936), or it may be that there is present a 
small amount of the decomposition product m the supposedly un- 
bleached solution 

To test the influence of pH on extraction we made sunultaneous 
preparations from equal numbers of dark adapted retmas with 2 
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per cent digitalm solutions buffered to pH’s of 5 7, 6 6, 7 2, and 8 3 
respectively 

The absorption spectra are plotted in Fig 10 as log density, and are 
superimposed at 500 mpi They show clearly that the more acid the 
extraction, the less blue-absorbing substances are removed from the 
retina 
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Fig 9 Five samples o£ a visual purple solution buffered to different pH’s 
after extraction Curve a is pH 5 50, 6 is pH 5 76, c is pH 6 63, d is pH 7 78, an 
c IS pH 10 08 Evidently a substance is present which behaves as an indicator 
of hydrogen ion concentration It may be a property of the unbleached solution 
or a trace of decomposition product The data are plotted as log density on an 
arbitrary scale after they have been made equal at 500 mu 


{G) Temperaiure — A batch of alum-treated retinas was divide 
into three equal parts and extracted with 4 per cent bile salts for lu 
minutes at 20», 30°. and 40°C respectively Fig 11 “ 

relative amount of visual purple present is greatest m the 40 
tion and least m the 20'’ extraction 
In a similar experiment some retinas were extracted at 
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near 0°C The low temperature extraction contained so much pig- 
ment tliat It reqmred filtermg and centnlugmg before it could be 
measured, and even after this treatment most of the hght absorption 
was clearly caused by substances other than visual purple, still prob 
ably the pigment Kiihne found that at low temperatures the pig 
ment adheres strongly to the retina 



Fih 10 Absorption spectra ot four simuluneous extracts made at different 
pK's The log density values arc made equal at 500 m/i and plotted on an 
arbitrary log scale There is a clear effect of hydrogen ion concentration on visual 
purple punty in the resultmg extractions Relatively more blue absorbing ma 
tenals are extracted at the higher pH’s 

(B) Drying —Extractions of alum treated retinas with both 4 per 
cent purified bile salts solution and 2 per cent digitahn were dned by 
evaporation with a fan, after the absorption spectrum of a sample of 
each fresh solution had been measured Another sample of each was 
left in the undned state The dned and undned samples were kept 
at 0° m the dark, the former m cans containing CaClj 
When redissolved after 25 days, the dried bile salts extraction 
showed considerable loss of visual purple with no gam in punty 
Smce bile salts are hygroscopic, it is unlikely that the preparation 
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remained dry during the 25 day period, even though CaCh was 
present J'hc control sample showed about the same loss as the dned 
sample over this period, and a considerable precipitation of grayish 
material appeared in the storage tube 
After redissolving the dried digitalm extract at the end of 25 days, 
an insoluble whitish residue remained, though all the colored material 
dissolved The absorption spectrum of the redissolvcd preparation 
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Fig 11 The effect of temperature on otherwise identical simultaneous extrac- 
tions The log density values have been shifted on the arbitrary log scale to 
superimpose at SOO m/x The purity of the visual purple color is greatest in the 
extraction made at the highest temperature 

was more symmetrical than that of the original fresh solution, indi- 
cating a purification of the visual purple color 
This experiment showed, incidentally, that the dried and redis- 
solvcd digitalm visual purple solution kept better at room temperature 
over 24 hours than did the control sample Its absorption spectrum 
remained almost unchanged during a day at room temperature, 
whereas the control sample increased in absorption in the blue and 
became turbid 
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(7) Other Treatments — We confirmed Kiihne’s preapitation of the 
colored element from solutions by saturating with MgSOi The 
preapitate, after washing with saturated MgSOj, was redissolved in 
water but no gam resulted m the 500/420 density ratio of the solution 
Solutions made 2 u and 4 ii with respect to NaCl also showed no 
improvement in the 500/420 ratio, though in one case a heavy grayish 
preapitate occurred 

Kuhne (1879) found that dialysis of a bile salts extraction agamst 
water caused preapitation of the hght sensitive component We 
have confirmed this both with bile salts and digitahn solutions The 
preapitated reddish color has not decreased m density dunng 6 months 
in the dark at 5°C It rapidly disappears upon exposure to white 
hght but IS much more stable m the dark than any solution of visual 
purple We have not been able to redissotve it m water, bile salts, or 
digitahn solution 

TV 

CONCtDSIONS 

These data suggest that the classical visual purple absorption 
spectrum, obtained as a difference between the bleached and un 
bleached condition, is probably not the absorption spectrum of the 
visual purple molecule as a whole, but mote nearly that of its hght 
sensitive group If this were not true, it should be possible to obtam 
solutions whose unbleached absorption spectra are identical with the 
classical difference one Though the procedures described have 
improved greatly on the old absorption spectra, none of them has 
yielded a visual purple whose absorption spectrum is of suffiaent 
symmetry to resemble the classical one m the violet 
The fact that the human dun visibihty curve does not agree in the 
blue with the absorption spectrum of even our best unbleached visual 
purple solutions is no argument agamst the identity of the latter with 
the absorption spectrum of visual purple m solution, because the 
human dim visibihty data may depend only on the hght sensitive 
group in the molecule and not on the color of the protem component 
However, since work now in progress shows that even our purest 
visual purple solutions contam protems of larger and smaller molecular 
size than visual purple, final settlement of the question awaits meas- 
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urement of the absorption spectrum of unbleached visual purple 
solutions from which all proteins save visual purple have been removed 

SUMMARY 

The absorption spectra of visual purple solutions extracted by van- 
ous means were measured with a sensitive photoelectric spectro- 
photometer and compared with the classical visual purple absorption 
spectrum 

Hardening the retinas in alum before extraction yielded visual 
purple solutions of much higher light transmission in the blue and 
violet, probably because of the removal of hght-dispersing substances 
Re-extraction indicated that visual purple is more soluble in the 
extractive than are the other colored retinal components However, 
the concentration of the extractive did not affect the color purity of 
the extraction but did influence the keeping power This suggests a 
chemical combination between the extractive and visual purple 
The pH of the extractive affected the color punty of the resulting 
solution Over the pH range from 5 5 to 10 0, the visual purple color 
purity was greatest at the low pH Temperature during extraction 
was also effective, the color purity being greater the higher the tem- 
perature, up to 40° C 

Drying and subsequent re-dissolving of visual purple solutions 
extracted with digitalin freed the solution of some protein unpunties 
and increased its keeping power Dialysis against distilled water 
seemed to precipitate visual purple from solution irreversibly 
None of the treatments described improved the symmetry of the 
unbleached visual purple absorption spectrum sufficiently for it to 
resemble the classical absorption spectrum Therefore it is very 
likely that the classical absorption spectrum is that of the hght- 
sensitive group only and that the absorption spectra of our purest 
unbleached visual purple solutions represent the molecule as a whole 

The authors wish to state their indebtedness to Dr Sehg Hecht for 
many suggestions during the course of the experiments and for aid 
in the preparation of the manuscript They also wish to thank Dr 
Simon Shlaer for much valuable help throughout the work 
The research was aided by a grant to Dr Sehg Hecht from The 
Rockefeller Foundation 
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APPENDIX 

After the completion of this paper that by R J Lythgoe on ‘The absorption 
spectra of visual purple and indicator yellow," appeared in the Journal of Physi 
ology, June, 1937, number His visual purple absorption spectra are of the same 
degree of punty as those recorded here, a further mdication that the classical 
Visual purple absorption spectrum, represents the light sensitive group in the 
molecule only, and that the residual blue absorption is caused by the protein 
nature of the molecule or by other proteins extracted with it 

Our data (see Fig 9) differ from those sho\sn in Fig 1 of Lythgoe*s paper m 
that the symmetry of our unbleached visual purple absorption spectrum was 
greater at high than at low pH Our figures were the result of two mdependent 
and consistent sets of measurements 

In George Wald’s recent commumcation (1937) he cnticizcs any use of the dassi 
cal visual purple absorption spectrum as physically meaningless because of the 
appearance of new pigments upon lUummation of visual purple We have found, 
however, that above pH 9 6 these pigments absorb practically no hght m the 
visible spectrum and consequently interfere very httle with the computation of the 
classical visual purple absorption spectrum which we have assumed represents the 
photosensitive group m the visual purple molecule. The rather good constancy 
of the calculated values plotted m Figs 1 and 6 indicates that the measurements 
from which they were made could not have been greatly influenced by transient 
colors appeanng after lUumination It is true that at wave-lengtbs below 410 
mu comphcating absorptions may occur, but they do not seem to be important 
over most of the visible spectrum provided the measurements are made at high 
pH 
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A cogent question at the present time m regard to the theory o£ 
chemical mediation of nerve impukes is whether the chohne esterase, 
available m the neighborhood of a nerveendmg, is sufficient todestroy 
the acetyl chohne hberated by a nerve impulse withm the refractory 
period (1) The superior cervical ganghon of the cat is a particularly 
desirable tissue for enzyme studies m this connection because of the 
wealth of reliable data available pertaming to this organ Recently 
von Brucke (2) measured the chohne esterase activity of tins tissue 
by a biologicaLmethod and demonstrated a decrease m activity paral 
lei with a degeneration of the pregangliomc fibres Other evidence of 
a more or less mdirect nature has also been presented to mdicate a 
relative concentration of the enzyme m the region of the nerve end- 
mgs by Mamay, Nachmansohn, and coworkers (3, 1) m their studies 
on muscle tissue 

In the present mvestigation chetmeal measurements of the chohne 
esterase activity of supenor cervical gangha were made under condi- 
tions carefully controlled to yield a quantitative estimation of the 
enzyme, and the results obtained were apphed to the calculation of 
theoretical maximum and minimum veloabes of acetyl chohne hydrol- 
ysis For these calculations it was necessary to know the value of 
the dissoaation constant for the reaction bemg studied, hence a 
separate determination of the affimty between enzyme and substrate 
was performed In the hght of the calculations made, the possibihty 
that the refractory penod of the ganghon is detemimed pnmanly 
by the esterase action was considered A prehmmaiy note concemmg 
these studies has appeared recently (5) 

* Fellow of The Rockefeller Foimdatwn 
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EXPERIMENTAL 

Normal cats ^\ere killed by a blow on the head and the superior cervical 
gangha were dissected out soon after The ganglia, freed of all adhering tissue, 
were placed lumiediately in vessels fitted with stoppers and kept at -12° until 
ready for enzyme study The tissue was used within 24 hours after the ammal 
was killed A cyhnder of tissue was removed from the frozen ganghon by means 
of a borer having an internal diameter of 1 71 mm , and placed on the head of a 
rotary freezing miaotome Sections 25ju thick were cut, and determinations of 
the enzyme activity in single sections were carried out by the micro procedure 
already described (6) The sections were each placed in a tube with 9 2c mm 
30 per cent glycerol After 1 to 2 hours, 16 c mm of 0 1 u veronal buffer, having 
a pH of 8 0, and containing 0 5 per cent of freshly dissolved acetyl chohne chloride, 
were added Digestion was allowed to proceed for 1 hour at 38°, after which the 
reaction was halted by adding 50 c mm of the usual esenne-brom-thymol blue 
solution, and titration was performed in the manner previously described (6) 
The volume of each section was 0 0574 c mm , and, since the specific gravity was 
found to be 1 051, the weight of a section was 0 0603 mg 

The specific gravity was determined by suspending small pieces of the tissue 
in mixtures of bromo benzene and kerosene having different specific gravities 
The speafic gravity of the mixture in which the pieces remained suspended was 
taken as the specific gravity of the tissue 

No significant difference in activity could be observed between 
right and left gangha of the same animal The lowest average value 
for the enzymatic hydrolysis observed m a ganghon was eqmvalent 
to hberation of 3 03, and the highest 3 46 c mm n/20 acid m 1 hour 
under the conditions given Under these conditions the degree of 
splitting was a hnear function of time throughout the digestion 
period, and the substrate concentration was suffiaently high to ensure 
maMmum velocity of hydrolysis In a typical experiment seventeen 
analyses with 4 controls were conducted on one ganghon (Table I) 
The fairly constant enz)ane activity observed throughout the ganghon 
ivould be expected from the homogeneous structure of the tissue 
A requirement of the micro method is that the digestion be carried 
out at a pH of 8 0 To obtain the correspondmg activity at pH 7 4 
reference may be made to a previous study on cat brain (6) in which 
the activity at pH 7 4 was found to be 0 74 times that at pH 8 0 
Smee 1 c mm n/20 acid === 9y acetyl chohne chlonde, the quantity 
of this substance that can be hydrolyzed per milligram of tissue per 
second at pH 7 4 and 38° is then 



Pf’essupe (cm ■watef) 


DAVm CLICK 


433 


3^0 cmm X9— ^X074 
cmm 7 

360Q sec X OOeSOS mg sec mg 

To obtain the value of the Michaehs or dissoaation constant of the reaction 
betv.een the enzyme and substrate the ultra micro gasometnc method of Linder 



Time 

Tio 1 Initial veloaties of hydrolysis of acetyl chohne chlonde for various 
substrate concentrations 

Concentration of substrate (per cent) added to enzyme solutions is indicated 
on the lines drawn Control expeximent of barometric changes represented by 
points (x) 

strjJm Lang and GhcL (7) was employed since this method not only requires 
very little ganglion material but enables the course of the hydrolysis to be followed 
contmuously A gan^on weighing 15 mg was ground with sand and Ringer’s 
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TABLE I 


Chohne Esterase Aclimhes of Microtome Sections of Ganglion 


Miaotome section No 

Acid liberated m 1 hr at pH 

8 0 and 38° 

Acid liberated in controls 


c mm n/20 

c mm ti/20 

1 

3 63 


3 

3 63 


5 

3 41 


8 


0 25 

9 

3 71 


11 

3 63 


13 

3 79 


14 

3 43 


15 

3 53 


18 

3 73 


19 

3 63 


21 


0 41 

23 

3 79 


24 


0 31 

27 

3 49 


28 

3 73 


29 

3 53 


30 

3 75 


32 

3 65 


34 

3 69 


37 


0 33 

Average 

3 63 

0 33 Di£f = 3 30 


TABLE II 


Chohne Esterase Activities As a Function of Substrate Concentration 


Concentration of acetyl choline chlor- 
ide added to enzyme solution, per 
cent 

0 50 

0 20 

0 10 

0 05 

0 02 

Fmal concentration of acetyl cholme, 
molar 

0 0213 

0 00852 

0 00426 

o 

o 

o 

0 000852 

Pressure change per hr , cm water 

3 30 

3 10 

2 85 

2 40 

' 2 00 

COj evolved per hr , corrected, c mm 

X io-» 

33 23 

29 78 

28 76 

22 73 

IS 87 

Relative mitial velocities of hydrolysis, 
c mm X 10"* COi evolved X a fac- 
tor, 3 0 

99 69 

89 34 

86 28 

68 19 

47 61 
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solution, the mixture was filtered through paper, and the residue washed on the 
filter with Rmger’s solution until a volume of 4 ml of filtrate was obtained 
0 3c mm of this enzyme solution was pipetted into 10c mm of Ringer’s solution 
containmg the substrate (acetyl choline chloride) The pipettings were made 
directly mto the Cartesian divers used as reaction vessels 

The 5 per cent COj 95 per cent Na gas mixture was passed over the substrate 
solution both before and after addition of the enzyme The parafBn oil seal was 
placed in the neck of each diver and the measurements were conducted at 25® 
as descnbed (7) ^Non-enzymatic hydrolysis of the substrate was found to be 
negligible under the conditions employed Fig 1 shows the course of the reac 
tions with various substrate concentrations Calculations of the COj evolved 
by the reactions proceedmg at the initial velocity for 1 hour were made m the 



Fig 2 Activity pS relations of ^nghomc cboUne esterase actmg upon acetyl 
chohne chloride 

The curve represents the theoretical relations for a dissociation constant of 
0 001, the pomts were derived experimentally 

usual manner (7) and the results (Table II) were expressed as cubic milhmeters 
of gas at standard conditions conected for solubihty m the aqueous phase The 
points m Fig 2 were obtained from the data in Table II, and the extent of the 
agreement between them and the theoretical pS activity curve for a dissociation 
constant of 0 001 may be seen This constant has the same value as that obtamed 
for human serum actmg upon acetyl chohne chlonde (8) 

Maximum Chohne Esierast AciivUy 
The enzyme activity of the ganghon was shoivn to be equivalent to 
the splitting of 0 lOy acetyl chohne chlonde per second per miUi 
gram of tissue as measured under optimal conditions of substrate 
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concentration at a pH of 7 4 and 38° This figure may be applied to 
the data of Brown and Feldberg (9) (who found m a typical expen- 
ment 22 5 7 /gm the concentration of the ester in an unstimulated 

superior cervical ganghon of the cat) = 0 225 sec 

would be the time required for the enzyme to hydrolyze that amount 
of acetyl chohne normally coexistent with it in this ganglion, provided 
that the enzyme and substrate were in complete combmation, that 
is, the maximum velocity of hydrolysis were mamtamed Actually 
the velocity falls when the substrate concentration becomes less than 
a certam value, hence 0 225 second represents a hmitmg least time 
which might be merely approached m actuahty 
Brown and Feldberg (9) also have shown that the greatest output 
of acetyl chohne from the ganghon perfused with esermized Locke’s 
solution occurs m the first 5 minutes of preganghomc stimulation at 
17 per second In this penod 0 I 7 was liberated from a ganghon 


weighmg 12 9 mg 


Hence 


Oly 

12 9 mg X 0 10 7 


= 0 078 sec would 


mg sec 

be the limitmg least time reqmred for the enzyme m a given weight of 

tissue to destroy the acetyl chohne formed dunng the first 5 minutes 

78cr 

of stimulation of this tissue Furthermore 300 X 17 stimulations = 

0 015(t would then be the hmitmg least time for sphttmg the acetyl 
chohne hberated by one nerve impulse Compared to the refractory 
period of the ganghon which Brown (10) has found to be of the 
order of 2£r, it is apparent that the enzyme need operate only v/ith an 
average rate of about 0 75 per cent of its theoretical maximum veloc- 
ity m order to destroy the acetyl chohne hberated by a nerve impulse 
withm the refractory penod After the first 5 mmutes, the quantity 
of acetyl choline hberated per unpulse falls until finally only about a 
fifth of the mitial amount is set free (9) , under these conditions the 
enzyme could hydrolyze the acetyl cholmevathin the refractory penod 
at about 0 15 per cent of its maximum veloaty 


Mtmmum Cliohne Esterase Achmly 

From the foregomg it would appear that the enzyme present is 
sufhaent to destroy the acetyl chohne hberated by a nerve impulse 
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within the refractory period However, it must he home m nund 
that for the conditions of mimmum velocity of hydrolysis, as in the 
case of an even distribution of enzyme and substrate throughout 
the tissue, the reaction velocity would be very far mdeed from the 
maximum one, because of the low substrate concentration and 

__ ^ dS , ^ 

affinity for the enzyme Smce = ^ in»x ^ where S repre 

sents the substrate concentration, t the time, the maximum 

velocity of hydrolysis, and K, the Michaehs constant for the affinity 
between enzyme and substrate, it follows that the time for sphttmg 


99 per cent of the substrate is given by 


t = 


Jsi 


+ s 


dS 


where Sj is the original substrate concentration and Si is 1 per cent 
of jj From this equation we have 


I 




4.6g + 09i>a 


The value of 5j or the concentration of acetyl chohne developed 
by one nerve unpulse becomes 


Ojy 

12 9 mg X 5100 stunulAtioos 


I 5 X 10^ “ 


or 


1 5 X 10-* 
181 


■» 8 3 X 10^ molar 


Since It was shown earher m this paper that the K, for the case m 
question is 0 001, as detemimed by the procedure described, it fol- 
lows that 

(46 X 0001) + ^ " 'tor) 

181 liter sec 


In order that this time be reduced to the refractory penod of 2a, 
It would be necessary for the enzyme and substrate to be concentrated 
withm a small portion of the total gangUomc volume, such as at the 
nen e endings Evidence for a localization of this type has already 
been mentioned (1-4) 

The calculabons given serve to show the great divergence between 
the tunes for sphttmg under minimum and maximum veloahes, and 
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hence the requirement of a state of localization of enzyme and sub- 
strate withm the ganghon cell if the nerve-liberated acetyl chohne 
IS to be destroyed within the brief span of the refractory period 

SUMMARY 

The maximum choline esterase activity of the superior cervical 
ganghon of the cat was measured and found to be, on the average, 
equivalent to the sphtting of 0 IO7 of acetyl chohne chloride per 
second per milhgram of fresh tissue at a pH of 7 4 and 38° The 
least possible time required for destruction of the ester hberated by 
one nerve impulse was calculated to be 0 OlSo- 
The dissociation constant of the reaction between the enzyme and 
acetyl chohne chloride was determined, and a value of 0 001 was ob- 
tamed 

From the value of the dissociation constant, the time for hydrolysis 
at the mimmum rate was calculated to be about 8 seconds 
It was shown that a localization of enzyme and substrate within 
the ganghon cell would have to exist in order that enzymatic destruc- 
tion of acetyl chohne hberated by nerve impulses occur withm the 
span of the refractory period 

The author wishes to express his appreciation of the interest with 
which Prof S P L SjzJrensen has followed this work, his gratitude to 
Dr K Lmderstrjiim-Lang for his mvaluable suggestions and discus- 
sion, and his thanks to Dr W L Doyle and K Mogensen for pro- 
viding the gangha used It is also a pleasure to acknowledge the 
stimulating suggestions afforded by Dr G L Brown of the National 
Institute of Medical Research, London 
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In connection with the analysis ot the action of auxins on plant 
tissues, we have made a study of the relation between auxin and the 
streanung of protoplasm It was shown in the precedmg paper (Thi 
mann and Sweeney, 1937) that very dilute solutions of mdole 3 
acetic acid mcrease the rate of streanung m the epidermal cells of the 
Avena coleoptile The effect is proportional withm certam limits to 
the concentration of mdole 3 acetic aad used, and it is probably 
connected with the fact that it is an auxm, smee two other substances 
having auxm activity behave m the same way, while substances which 
are not auxins produce no increase m streanung rate However, 
the effect of these auxins on streaming was found to differ from their 
effect on growth m two important particulars 

1 While low concentrations of auxm accelerate the streaming, 
higher concentrations retard it Nevertheless, these higher concen 
trations are those which give the greatest growth of immersed sections 
of coleoptiles 

2 The acceleration (or retardation) is transient, being over within 
20-30 nunutes, while the effect on growth lasts for 24 hours or more 

The present paper is mainly concerned with the reasons for these 
two differences It is beheved that the explanation which our 
experiments yield throws additional hght on the mechamsm of auxm 
action 

The methods used were the same as those previously desenbed However 
‘Segerhavre’ (Victory) oats were used in the majonty of the expenraents m 
place of the Coraelhan strain previously used la several senes of observations 
tlie two types have been found stnctly comparable, and m fact curve I of Fig 11 
represents means of values obtained with both strains 
439 
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The influences mainly studied have been those of carbohydrates, 
oxygen tension, and age 

I 

The Role of Carhohydrates 

As mentioned above, the effect of auxins on streaming is charac- 
tenstically of short duration, t e the rate of streaming returns to 
normal within about 30 minutes after the first application of auxm, 
although fresh auxm is being continually apphed 



Fig 1 The recovery of the abihty to react to auxin AH auxm solutions 0 01 
mg perhter Curve 1, auxm replaced at arrows by fresh auxin solution Curve 
2, auxm replaced at first pair of arrows by water and 15 minutes later by fresh 
auxin Curve 3, auxm replaced at first pair of arrows by water and 30 minutes 
later by fresh auxm 5 cm coleoptiles aerated water 

If, however, the readings in auxin solution, 0 01 mg per liter, are 
continued for an hour or more, the rate of streaming in the epidermal 
cells of the coleoptiles shows a second slight upward trend which sug- 
gests a return of the auxin effect This indication led to the following 
experiments About 30 minutes after the beginning of application of 
auxin, or as soon as the rate had returned to normal, the auxm solu- 
tion was removed and replaced by fresh, aerated water The stream- 
ing then continued at the normal rate After a defimte mterval of 
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ae, aiam was again introduced If this interval were about 30 
nutes or more, at 2‘i°C , an acceleratiQn of streaming was again 
served, approsimately equal in amount to that obtained during the 
St auxin treatment (Fig 1) The coleoptiles have thus completely 
covered their abihty to react This recovery must be due to the 
generation of the factor which has been exhausted, the subsequent 
penments show that this factor is sugar ' 

ff the streammg rate be allowed to return to normal, and, mstead 
pure auxin solution, a solution of the same concentration of auxin in 



Fig 2 The efifect of <iifferent coocciitrations of fructose on recovery Plants 
aunn 0 01 mg per liter until first arrow SoluUon then withdrawn. At 
mnd arrow solution replaced by auxin m fructose Curve 1 fructose 0 2 per 
at, curve 2 fructose t per cent, curve 3 fructose 2 per cent 5 cm, coleoptdes 
rated water 

rated sugar solution he now apphed, an immediate nse m streaming 
te IS obtamed The penod of about 30 mmutes required for recov- 
y thus completely disappears if sugar is present 
Fig 1 shows the eBect oi treatment, with difieient concentrations 
fructose, and indicates that 1 per cent is suffiaent to cause the com 
ete return of aum sensitivity 

Fig 3 compares the activity of a number of different carbohydrates 
I pet cent solution It tvdl be seen that fructose causes an imme 
ate nse, sucrose and maltose a slower nse, which, however, reaches 
le same final rate Curve E shows that soluble starch acts in the 
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same way which, m view of its large molecular size and consequent 
slow rate of entry, is rather surpnsmg It is noticeable, however, 
that its effect resembles that of maltose, and may perhaps be ascribed 
to the maltose present m such heat-treated starch The effect of 



Fig 3 Recovery in solutions of different carbohydrates Etpenments as 
Fig 2 At second arrow, solutions replaced by (curve A) fresh plain auxin, 
(curve B) auam in I per cent fructose, (curve C) aunn in 1 per cent sucrose, 
(curve D) ausan in I per cent maltose, (curve E) auxin m 1 per cent soluble 
starch, (Cur\^e F) aunn in 0 33 per cent NaCl 5 cm coleoptiles aerated water 

the sugars is not sunply osmotic, for curve F shows that the same 
molar concentration of NaCl has no such effect 

Further, so long as the sugar-auxm solution is supphed, the in- 
creased rate is mamtamed This is made clearer by the experiments 
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of Fig 4, in which the auxin is apphed in sugar solution from the 
start Under these conditions, the streaming rate rises in the usual 
way to its maximum value and remains there The increased rate 
was found to remam constant for at least 2 hours Fig 4 also shows 
that the application of fructose alone to the coleoptile is without any 
effect The fructose curve shows a higher mitial streaming rate 
because earned out later in the year (see section IV) 



0^46SI0 20 30 <40 

MINUTES 


Fio 4 Curve 1, auxm 0 01 mg per liter in I per cent fructose (mean of two 
expenments) Curve 2 1 per cent fructose alone 5 cm coleoptiles aerated 
water the rate at time 0 is the rate m water 



0 2 4 e 8 iO 20 30 40 

MINUTES 

Fig 5 Curve 1, auxin 1 mg per liter, curve 2 auxin 1 mg per liter m 1 per 
cent fructose 5 cm coleoptiles aerated water 

This action of sugars m maintaining the increased rate of stream 
ing mates it at once possible to correlate the effect of auxin on stream 
mg with Its effect on growth In the growth experiments, which 
are always conducted over penods of more than 30 minutes, the 
coleoptile is able to regenerate its carbohydrate supply (from storage 
products) contmuously, and thus to respond to auxm over long 
penods 
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The carbohydrate reserve is probably starch, since it has been 
shown that statolith starch is usually present in Avena and other 
coleoptiles even when grown in the dark (von Guttenberg, 1912, 
Zollikofer, 1918) The stored carbohydrate could not be sucrose, 
since sucrose itself gives a very rapid, effect (see Fig 3), while the cole- 
optile evidently requires 15 to 30 minutes to obtain a fresh supply 
of active carbohydrate from the stored form 

Since concentrations of indole-3-acetic aad greater than about 
0 5 mg per liter cause a decrease in streaming rate, it was of interest 
to determine whether, in the presence of sugar, this decrease was also 
maintained As Fig 5 shows, it is maintained Thus auxin concen- 
trations which, alone, cause a temporary decrease in rate, cause a 
lasting decrease if they are apphed together with fructose 

n 

T}te R6le of Oxygen 

The experiments described above, as well as those m the preceding 
paper, were all earned out with coleoptiles 5 cm long When the 
experiments were extended to younger coleoptiles, it was found that 
m these the streaming rate does not remain constant m aerated water, 
but falls steadily just as does that of 5 cm coleoptiles in imaerated 
water If, however, oxygenated water was used, the rate remamed 
constant The 3 cm coleoptiles therefore have a greater oxygen 
requirement Now Bonner (1934) has shown that the rate of oxygen 
uptake of 5 cm coleoptiles is not a great deal lower than that of 3 
cm coleoptiles Thus, at 77 hours, the Qq, (« e cubic millimeters O 2 
consumed per hour) was 0 31 per mm coleoptile length, while at 100 
hours, the correspondmg figure was 0 21 Hence, it is possible that 
the oxygen requirement of 5 cm coleoptiles is only just being satis- 
fied by aerated water The experiments were therefore repeated m 
oxygenated water, which was prepared by bubbling oxygen from a 
tank through redistilled v/ater cooled in ice Using auxin solutions 
made up in this water, the decrease in rate of streaming caused by 
higher concentration is not obtained Instead, there is an increase 
in rate about equal to that given by a concentration of 0 01 mg per 
hter Fig 6 compares the “total effect” curves for coleoptiles in 
aerated and m oxygenated solutions The total effect, as defined in 
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the preceding paper (Thunann and Sweeney, 1937) is a measure both 
of the extent of the acceleration and of its duration, and is obtained 
by measuring the area between the curve for auxm treated plants 
and the curve for controls The curve for aerated solutions is similar 
to that given m the precedmg paper, but the values Obtamed m July 
and August are soinewhat lower than those previously obtained in 
the wmter (see section IV) Higher concentrations than were pre- 
viously used were mcluded m this series 



LOO concentratiom m parts per lo® 

Fig 6 The total effect of auxm oa streammg Curve 1, auxm m aerated 
water, curve 2, auxm m oxygenated water, curve 3, auxm m aerated water con 
tammg 1 mg per hter DNP Each point the mean of 1-12 deterrmnations 
Observations made July-August, 1937, 5 cm coleoptiles 

It follows from Tig 6 that the decrease in rate of streanung in 
auxm concentrations between 0 S and 10 mg pet hter m aerated water 
IS due to a deficiency in oxygen No deficiency of oxygen occurs 
when the coleoptiles are not treated with auxm, since the controls 
mamtain a constant rate m aerated water or mactive solutions 
Hence, the higher conceniraiions of auxm must increase the oxygen con 
sumption of the coleoptiU This deduction was confirmed by artifi 
aally mcreasmg the oxygen defiaency still more 
Numerous worhets have shown that 2,4-dmittophenol (BNP) m 
creases the oxygen consumption both of animal and of plant cells 
(see, for instance, Plantefol, 1932) Avena coleoptile sections were 
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therefore placed m solutions of DNP and their streaming rates fol- 
lowed Fig 7 shows that with 5 cm coleoptiles, the streaming rate, 
which remains constant in aerated water, decreases steadily in aerated 
DNP solutions The fall is extremely rapid at 100 mg per liter 
(curve 1), moderately rapid at 10 mg per hter (curve 2), and is not 
observable at 1 mg per liter (curve 3) Immediately upon removing 
the DNP solution, the streammg rate returned to normal Hence 
the action of DNP is m no way permanent, and evidently consists 
simply of an increase in the oxygen consumption This point is borne 



MINUTES 

Fig 7 The effect of DNP on the streaming rate Solutions withdrawn at 
arrows, subsequent readings being in air Curve 1, 100 mg per hter withdrawn 
at first arrow, curve 2, 10 mg per liter, withdrawn at second arrow, curve 3, 1 
mg per hter Each curve the mean of 2 experiments 5 cm coleoptiles aerated 
water 

out by the experiments on 3 cm coleoptiles descnbed in the next 
section 

Smce a concentration of 1 mg per hter DNP ]ust causes no observ- 
able decrease in streaming, it presumably increases the oxygen con- 
sumption only to the point of balance, at which any further increase 
in the oxygen consumption will immediately become observable as 
an oxygen deficiency Auxin solutions were therefore made up in 
aerated water contaimng DNP at this concentration It was at 
once found that auxm concentrations which m pure water would 
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cause an increase in streaming, cause a decrease when in 1 mg per 
hter BhJP Fig 8 shows the action of 0 01 mg indole 3 acetic acid 
alone and in presence of DNP It is clear that 1 mg DNP per hter 
reverses the sign of the aunn effect, while the lower DNP concentra 
tion gives an intermediate result 

The total effect of auxin on streammg over a senes of auxm concen 
trations m the presence of 1 mg per hter DNP is plotted in Fig 6, 
curve 3 All the auxin concentrations studied decreased the streammg 
rate when in DNP It follows, therefore, from this and the preced 
mg data, that all auxm concentrations, except those above 10 mg 



MiNurrs 

Fig 8 Modification of the effect of auxin by DNP Curve 1, auxin 0 01 mg 
per hter alone curve 2, auxm 0 01 mg per hter plus DNP 0 2 mg per hter, 
curve 3 auxin 0 01 mg per hter plus DNP 1 mg per hter 5 cm coleoptiles 
aerated water 

per hter, increase the oxygen consumption of the coleoptile tissue 
This provides further proof that the decrease of streammg observed 
above m aerated water is due to oxygen deliaency 
We have attempted to brmg about the opposite effect of DNP, 
I c to reduce the oxygen consumption of the tissues in general, by 
treatment with dilute cyanide solutions However, cyamde, at 
1 10“* and 5 10“* molal, reduced the streammg rate The effect of 
cyamde is immediate and is therefore probably a direct effect on the 
streammg process itself Simply drammg off the cyamde does not 
immediately restore the imtial rate, as m the case of oxygen defi 
ciency, but S-10 mmutes elapse before the normal rate is agam ap- 
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proached That cyanide should exert a direct effect on streanung 
seems significant in view of Bonner’s finding (1936) that cyamde 
inhibits growth of the A'oena coleoptile 
Smce, then, the retarding effect of high auxin concentrations is due 
to oxygen deficiency, the curves for growth and streanung may now 
be reconsidered It is clear that they are approximately parallel 
The effect of auxin mcreases steadily not only up to 0 01 mg per 
hter, but up to about 2 mg per liter, this latter mcrease being shown 
not by mcreased rate of streanung, but by an tncreased oxygen con- 
sumption 

The effects of still higher concentrations of auxin will be considered 
below (see Discussion, sections JS, and R) 

Two small points remam to be mentioned Smce oxygenation of 
the water has so marked an effect, it seemed possible that still higher 
concentrations of oxygen might further increase the streaming rate 
Accordingly, observations were made on sections supported at the 
surface of an auxin solution in such a way that only the under half of 
the cyhnder was immersed, and the cells under observation were 
actually in air The concentration of oxygen m air is about eight 
times as high as in oxygenated water However, the total effect of a 
given auxin concentration was no greater under these conditions than 
m oxygenated water under the covershp Further, the maximum 
streanung rate, which is reached 7-15 nunutes after the apphcation of 
auxin, IS about 20/i per second, le also no greater Hence, the 
maximum rate is not limited by oxygen 

Secondly, the maximum rate is also not limited by sugar This 
follows from numerous measurements with auxin plus fructose m 
oxygenated water, which gave no consistently higher rates than 
those without the sugar At the maximum rate the streanung is 
therefore limited by some other factor 

In experiments with sugar, since the acceleration or retardation is 
maintamed for a long time, it is difficult to assign values to the total 
effect We have, however, plotted the mean maximum rates reached 
agamst auxin concentration, and m this way have obtained curves 
very similar to the total effect curves Using this procedure, it was 
found that the presence or absence of sugar does not affect the range 
of auxm concentrations over which acceleration, or retardation, is 
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produced The results with DNP also furnish maximuin rate curves 
similar to those of the total effect 

in 

r/ic Behavior of yoMiiger Cakopliles 
(<4) The Dependence of ihe Strcanung Rale on Oxygen ■ — ^As mentioned 
above, the response of 3 cm coleoptiles (77-78 hours old) was studied 
for companson Smce the plants have a much higher oxygen re 
quirement, their streaming rate does not remain constant m aerated 



Fig 9 Streaming rate m limited quantities of water Coleoptiles 72, 77, 
and 100 hones old respectively, each m 0 4 cc. aerated water not renewed 

water, but does so m oxygenated water It has already been shown 
by Botteher (1935) that the younger the coleoptile, the more readily 
can Its streammg rate become limited by oxygen, and this, as men- 
tioned m section H, is borne out by Bonner’s measurements of respira 
tion rates In our experiments, the solution is ordinarily kept con 
tmuously changed by diffusion so that the oxygen deficiency may be 
partially made up In order to determme the relative extents of 
oxygen defiaency at different ages, readmgs were taken on sections 
placed m just as much aerated water as the space under the cover 
shp would hold, t c , 0 4 cc This water was not changed Fig 9 
shows that the rate in coleoptiles 72 hours old falls off with great 
rapidity, m 100 hour coleoptiles very slowly, and in 77 hour coleop 
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tiles (3 cm long) at an mtennediate rate Tins decrease m rate is 
solely due to osj^gen defiaency, for as soon as the solution is removed, 
the rate returns to normal This return is so rapid that mtermediate 
streaming rates cannot be measured Fig 10 illustrates a senes of 
experiments in which the solutions were changed m this way At 
the first arrow, when the streammg rate had fallen to an approxi- 
mately constant value, the water was removed, givmg mstantaneous 
recovery of the normal rate After 5 mmutes, fresh water (curve 1), 
auxm solution (0 05 mg per hter) m the same water (curve 2), and 
auxin solution (10 mg per hter) m the same water (cun’^e 3) were 



Fig 10 A companson of the effects of auxin and DNP m increasing the 
oxygen defiaency of young coleoptiles Explanation in text Aerated ^vater, 
0 4 cc not renewed 3 cm coleoptiles, 77 hours old 


applied It will be seen that the decrease in rate begins m the auxin 
solution after 2 mmutes, but in the water only after 5 minutes The 
slope for the coleoptiles m auxin is also steeper than in ivater The 
effect of the auxm m increasmg the ox>'gen consumption is thus 
clearly seen \\Tien a constant low streammg rate had been reached, 
the solution was agam removed from one coleoptile, and, after re- 
cover}^ dmitrophenol (2 mg per hter) in the same water was applied 
Here the decrease m rate begins before an> reading can be taken, 
the slope is still steeper than before, and the rate reaches a very 
low V alue Hence the effect of auxin is m this respect e\actl> com- 
parable to that of DNP, only not so great In the hght of the dis- 
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cussion below, this is probably because DNP increases the whole of 
the respiration, while auxin increases only part of it 

{B) The Efccl of Aintn on Sircamtng — Usmg oxygenated water, 
therefore, the effect of auxin on 3 cm coleoptiles was determined, 
the total effect being evaluated as previously descnbed The dura 
tion of the acceleratmg effect and the maximum value obtamed were 
the same as m 5 cm coleoptiles 

Curve 1 of Fig 11 shows that the active aimn concentrations are 
very much lower than those for 5 cm coleoptiles, the lowest effective 
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Fig 11 The total effect of auxm on stteamiDg Curve 1, oxygenated water 
3 on coleoptiles Curve 2, oxygenated water 5 cm coleoptiles (cf curve 2 of 
Fig 6) Curve 3, aerated water 3 cm coleoptdes Curve 4 oxygenated water 
3 cm coleoptiles decapitated 90 minutes (triangles) and 180 mmutes (squares) 
before start of ezpenment Auxin 1 mg per hter => 3 on abscissae 

concentration being about 0 0014 mg per hter, as against 0 0033 for 
the latter The entire curve is thus displaced to the left The nght 
hand arm of the curve differs from that of the S cm coleoptdes, how 
ever, in that the higher auxm concentrations do not retard the stream 
mg below that of coleoptiles m water (compare curve 1 of Fig 11 
with curve 1 of Fig 6) The reason for this lies in the fact that 
even at high auxin concentrations, tliese coleoptdes, m oxygenated 
water, are only partially oxygen defiaent, s a , their “oxygen smpltis ’ 
IS greater than that of 5 cm coleoptdes in aerated water This is 
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sbovm by a companson with the curves for the same matenal m the 
same range of concentrations, but made m aerated water (curve 3 of 
Fig 11) ^ Here the left hand arm is the same as m oxygenated water, 
t e the matenal is sensitive to lower concentrations of auxin than are 
the older coleoptiles The nght hand arm, however, shows close 
similanty to the curve for 5 cm coleoptdes m aerated water (curve 1 
of Fig 6), te, higher auxm concentrations cause a retardation of, 
rate When the oxygen supply is reduced, therefore, application of 
auxm bnngs about a defimte oxygen defiaency 

If it were possible to detenmne the effect of higher concentrations 
of auxin on streaming rates m still greater oxygen tensions, the total 
effect curve would doubtless closely parallel that for 5 cm coleoptiles 
This is shown by the one determination we have been able to make on 
3 cm coleoptile sections supported at the surface of the solution in 
air At 0 05 mg per hter, the value obtamed (mean of two expen- 
ments) was 124, which, as will be seen, falls exactly on the curve for 
5 cm coleoptiles m oxygenated water (curve 2 of Fig 11) 

(C) The Effect of Decapitation — A remarkable feature of the re- 
sponse of 3 cm coleoptiles is the great effect of decapitation Curve 4 
of Fig 11 shows that if the coleoptiles are decapitated 90 mmutes 
before the start of measurements, the total effect curve is quite 
different from that of intact 3 cm coleoptiles, the range of effective 
concentrations is now equal to that of 5 cm coleoptiles In this 
curve, the values for plants decapitated 90 and 180 mmutes are 
plotted separately, but smce they agree closely, a mean curve is drawn 
through them all Thus, depnvmg the coleoptiles of their normal 
stream of auxm and other exudates from the tip for ih hours brmgs 
them approximately mto the physiological condition of older coleop- 
tiles, which have been naturally depnved of these secretions by the 
physiological senescence of the tip 

(J9) Histidine A Comparison vnlh Fitting’s Experiments —In a 
senes of experiments, Fittmg (1929, 1936) showed that, when Val- 
hsnena leaves are kept in pure water, their streammg ceases If leaf 
extract, or any one of a number of pure substances, be now apphed, 
the streammg recommences, one of the most active of such substances 

1 Smce under these conditions no constant rate is obtamed m the controL, 
the pomts on this curv e are only approximate 
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IS Wustidine la our eYpemnents, previously reported (1937), it 
was shown that histidine has, however, no effect on the normal 
streanung of 5 cm coleoptiles The experiments on 3 cm coleop 
tiles, however, suggest an explanation of the r61e of hisbdme, because 
when the streaming rate under oxygen defiaent conditions is at a 
low value, it could be brought back to normal, either by increasing 
the oxygen supply, or by supplying histidme Thus histidine pre- 
sumably acts by decreasing the respiration In the experiments of 
Fig 12, coleoptiles 72 hours old were allowed to remain in 0 4 cc 



MINUTES 

Fig 12 Effect of histidine on the streaming rate m limited quantities of water 
Coleoptdes 72 hours old, in 0 4 cc aerated water, replaced at second arrow by 
04cc aerated histidmedx (CE) or by 0 4 cc aerated water (CD) , again 
replaced at fourth arrow by 0 4 cc aerated histidine 6 X ICT^ir (FG) In histi 
dme, oxygen defiaency appears only after 8 minutes in water after 2-4 nunutes 

aerated water, and the rate at which they became oxygen defiaent 
was detemuned {cf also Fig 9) The curves show how closely the 
decrease in rate is repeated from experiment to experiment The 
water was then withdrawn and after recovery m air, an aerated solu 
tion of pure /-histidine 0 1 mg per Uter, or 6 x was apphed 

to one of the coleoptiles, and fresh aerated water to the other the 
rate at which the coleoptiles became oxygen deficient was again 
detemuned The solutions were then once more withdrawn and, 
after recovery m air, histidme solution was apphed to the coleoptile 
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which had previously been only in water Thus the effect of his- 
tidine IS given by companng FG with CD and AB, or CE with CD 
(Fig 12) It IS clear that in the presence even of this low concen- 
tration of histidine — which is about equal to the threshold concentra- 
tion active in Fitting’s experiments — the rate of onset of oxygen 
deficiency is much less than normal and hence histidine must reduce 
the respiration of the coleoptiles - In other experiments, it was found 
that when the streaming rate had fallen to a low value, the applica- 
tion of histidine, at the same concentration, increased the rate almost 
to normal Clearly if the stoppage of streaming in immersed Valhs- 
nena leaves be also due to oxygen deficiency, then the streaming 


TABLE I 

Intiial Rates of Streaming in Pure Water 


Month 

Nov , 

Dec, 

Jan , 

Feb, 

Mar , 


1936 

1936 

1937 

1937 

1937 


Lowest 

9 5 

10 6 

11 7 

10 8 

ISI 


Highest 

18 0 

15 7 

14 4 

16 4 

iil 


Mean 

12 4 

12 4 

12 9 

13 3 i 

wSm 


P E of mean 

0 44 

0 41 

0 IS 

0 19 

IQ 


Month 

April, 

May, 

Tune 

July. 

Aug, 

Sept , 

1937 

1937 

1937 

1937 

1 1937 

1937 

Lowest 

i 14 4 

14 4 

14 4 

14 4 

16 4 

' 16 4 

Highest 

16 4 

i 17 1 

16 4 

17 1 

18 0 

18 0 

Mean 

15 3 

16 0 

IS 3 

IS 5 

17 6 

17 4 

P E of mean 

0 21 

0 14 

0 58 

0 16 

0 12 



would be restarted by reducing the respiration Whether all the 
substances which start streaming in Valhsnena act by reducing the 
respiration rate is of course not demonstrated, but it seems highly 
probable that this is the effect of histidine 

Recently Fittmg (1937) has shown that also auxin restarts the 
streammg m Valhsnena, but only in concentrations above 0 0001m, 
j c , 18 mg per liter If restartmg is due to a decrease of respiration, 
then auxin would not be expected to bring it about except at very 
high concentrations Reference to curve 2 of Fig 6 shows that 18 

- In unpublished experiments Bonner (1934) found that histidine 3 X ICT* 
molal reduced respiration of coleoptile sections by 25 per cent 
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mg per liter falls well on the downward slope of the curve, where 
auxin appears to be decreasmg the respiration This satisfactorily 
supports the above explanation 


IV 

The Vanaiion of Streaming Rate with Tune of Year 

During the course of these expenments, it was found that the streaming rate 
of controls m pure water became steadily faster In November 1936, the mean 
was 12 4/1 per second and in August, 1937 17 6n per second Table I summarizes 
the data from all our observations With the exception of June, 1937, the means 
are denved from at least twenty observations each If the results are classified 
by time of day they show no consistent variation, a fact which was also noted 
by Bottcher (1934) Coinadent with the higher values from May to August, 
the efi'ect of added aunn was found to be less, both at low and at high concentra 
tions The total effea curve (Fig 6) determined in July and August is notice 
ably flatter than that determined m the winter and given as Fig 4 of the pieced 
mg paper (Thimann and Sweeney 1937) 

DISCUSSION 

The expenments raise a number of new pomts, not all of which 
can be immediately explamed Some call, however, for speaal 
consideration 

In the expenments with carbohydrates, one of the most suipnsmg 
conclusions is that simple sugars evidently enter the cell with ex- 
treme rapidity The effect of fructose is observed within a minute 
of apphcation This stands m dear contrast with dassical expen 
ments on permeabihty, in which the sugars are always the slowest 
substances to enter Whether this contrast is due to the use of ma 
ture, non growing cells m permeability expenments, as opposed to 
the young, growmg cells of coleoptiles cannot be said The sugar 
must actually penetrate the cell m these expenments, smee the mac 
tivity of NaCl shows that the effect cannot be a simple osmotic one * 

All the results agree m showmg that auxm not only accelerates 
streaming, but also increases the respiration of the coleoptile Yet 
neither Bonner (1936) nor van Hulssen (1936) could find any increase 
of respiration m sections of Aveua coleoptile on treatment with auxin 

* Permeability expenments, however, depend upon the entry of sugar mto the 
vacuole, our data only indicate its entry mto the protoplasm Nevertheless 
this may be physiologically more sigoiflcaat than entry into the vacuole. 
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solutions This discrepancy is easier to understand if we consider 
the following three facts First, the mcrease of respiration caused 
by auxin may not be very large It is great enough to cause coleop- 
tiles which had an adequate oxygen supply, when in aerated water, to 
become oxygen deficient when auxin is added It is not, however, 
great enough to induce an oxygen deficiency when the 5 cm coleop- 
tiles are in oxygenated water It is possible, indeed, that the decrease 
m streaming rate provides a very delicate indicator of increased 
respiration Second, the increase in the absence of added fructose is 
transient, and is mostly over within 20-30 nimutes Since the rate 
rises to a peak in 10-15 nimutes with an immediate subsequent fall, 
the mean mcrease of rate over a 30 minute period is only 14-20 per 
cent of the rate m the controls (see Fig 2 of Thimann and Sweeney, 
1937) Third, concentrations of auxin up to 0 01 mg per liter (equal 
to 1 on the log abscissa) evidently cause little increase of respiration, a 
marked mcrease, as measured by development of a marked oxygen 
deficiency, is caused only by concentrations above 0 1 mg per liter 
This concentration is about 10 units per cubic centimeter Neither 
Bonner nor van Hulssen used auxin concentrations higher than this 
While it is hoped to carry out respiration measurements at a later 
date, we feel at present that the failure to detect an increase of respi- 
ration on treating coleoptile sections with pure auxins is sufficiently 
explamed by these three considerations 
The only fact which does not fit m with this interpretation is the 
failure of auxin concentrations above 0 05 mg per liter to mcrease 
the oxygen deficiency (as measured by retardation of streaming) of 
coleoptiles m dimtrophenol Up to about 0 05 rag auxin per liter 
the oxygen defiaency m DNP increases regularly with increasing 
auxin concentration (curve 3 of Fig 6), but beyond this point the 
curve in DNP (1 mg per liter) approaches the curve in plain aerated 
water, meetmg it at 1 mg auxin per liter At this concentration, 
however, there are equal numbers of molecules of auxin and DNP 
present per unit volume (molecular weight of mdole-acetic acid = 
175, molecular weight of DNP = 184), and this suggests that some 
interaction is taking place between auxin and DNP, whereby the ac- 
tion of the DNP IS mhibited That such an interaction occurs is 
supported by observations on more dilute DNP solutions In con- 
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centrations oj 0 2 mg DNP per liter, which, as Fig 8 shows, still 
exert considerable influence on the respiration, the total effect curve 
in DNP meets the curve in plain aerated water at an auxin concentra 
tion of 0 2 mg per hter That is, while 1 mg DNP is rendered mef 
fective by 1 mg auxin, if only 0 2 mg DNP is present it is rendered 
ineffective by 0 2 mg auxin At auxin concentrations above this 
pomt of ineffectiveness, the streaming response is not altered by the 
presence of DNP (Fig 6, curve 3) 

There is also some chenucal evidence that compounds might be 
formed between DNP and indole 3 acetic acid (see the discussion in 
Sidgwick, 1937) 

We can now return to consideration of the fundamental problem — 
the mechamsm of the action of auxm It was shoivn above that while 
low concentrations of auxm accelerate streaming, higher concentra- 
tions in presence of a limited oxygen supply actually retard it This 
may be mterpreted as follows — 

The respiration of the coleoptile compnses the oxidation of several 
substrates, of which sugar is doubtless one of the most important 
One of these oxidation processes controls the rate of protoplasmic 
streaming, and is itself evidently accelerated by auxm Its oxygen 
consumption must be only a small fraction of the whole If now we 
make one assumption, namely that auxm also accelerates another oxi- 
dation process, which does not control the rate of streammg, the 
observed facts can be satisfactorily explained We have the follow 
mg system 

I. Sugar + 0, suxm sensitive protoplasm streamiug and growth 
II Sugar + 0, auxtu seosiUve effect oa strea mm g 
in Other substrates + 0, auxm inseasrtive effect on streaming 

The discussion will be made clearer by reference to the lettered sec 
tions of the diagrammatic Fig 13 
Section A — ^Low concentrations of auxm accelerate reachons I and 
II, the acceleration of I causmg an acceleration of streaimng It is 
important that these concentrations (0 0033 to 0 01 mg per hter 
for 5 cm coleoptdes) are also the lowest which cause an increase m 
growth rate The 3 cm coleoptdes, which give a growth response to 
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somevrliat lovrer auxin concentrations, correspondingly gi%'e a stream- 
ing response dovm to 0 0014 mg per liter 

Seclio/i B — Higher aimn concentrations bring about a greater ac- 
celeration of reaction I, but since both I and II consume o:tygen, 
there will be a competition for ozj'gen The result will be that the 
efiect of auxm on I cannot be fully exerted — we get a smaller accelera- 
tion of streaming rate 

Secho/v C — Still higher auxin concentrations accelerate reaction IE 
to such an extent that oxygen is actually withdrawn from I, which is 
therefore retarded 

Section D — ^This retardation does not, of course, occur in ox>'genated 
water, instead, the acceleration of I is maintamed over a considerable 
range of anxm concentrations, being limited here by some other fac- 



mo /-t/iu CO .cz'trp^ict. 

Fig 13 Total effect curves diagrammatic ABCFH m aerated -rater, 
ADEH m ozjgenated r.ater, GF in aerated -"ater plus DXP 1 mg per liter 5 cm 
coleoptfles Auxin 1 mg per Lter = 3 on abscissae 

tor, such as perhaps the amount of the enzyme for this reaction The 
obirv'ations at the end of section 2 make it clear the hmitmg factor 
cannot be ox>'gen or sugar 

The fact that the total effect does not increase with increasing auxin 
concentration above 0 01 mg per hter, r e that section D is parallel 
to the axis, agrees with some measurements of the grorTh of coleop- 
tile sectioii lo^tmg on auxin solutions for 1 hour In this snort 
period the agreement between streaming and growth should be at 
its best Corresponding!: the measurements show about the same 
increment for all auxin solutions from 0 01 to 10 mg per hter 

Section G— In the presence of dmitrophenol the effect ox auxin is 
the opposite 01 that in section A Here reaction III, v.hi^ com- 
prises other oxidative 5 > stems of the cell, is accelerated and con^- 
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quently the tissues are at the verge of oxygen deficiency, any accelera 
tion of I and II leads to an increased demand for oxygen and I is 
retarded on account of it This explanation, as also that of secbons 
B and C, depends on the “afifimty” of reaction II for oxygen being 
greater than that of reaction I, so that n can withdraw oxygen 
from I This may be due to a difference between the enzymes of I 
and II, a larger amount of its enzyme present, or other reasons Al- 
though n thus differs from I m its oxygen affimty, its auxin sensi 
tivity IS evidently the same as that of I 
The fact that section G meets section C at about 1 mg auxin per 
liter has been discussed above By contrast with DNP, the action 
of cyanide is evidently exerted directly on reaction I, although it 
may mvolve reactions II and III as well 
Section E — ^At high auxm concentrations, above 1 mg per hter, 
the streaming m oxygenated water is accelerated less These, then, 
are the concentrations at which the effect of auxm on reactions I 
and n begins to be reduced, » e , the “supramaximal” zone 
Section F — Corresponthngly, m aerated water, since 11 is less ac 
celerated the oxygen demand is less and hence I is retarded less, 
i e , the “aerated" and “oxygenated” curves both approach zero 
Section E — ^At auxin concentrations above about SO mg per liter 
the system is evidently damaged, for the streanung rate falls irrevers- 
ibly This final lowermg is not reversed by the presence of oxygen 
and IS evidently due to some toxic effect of high auxin concentrations 
It IS noteworthy that these concentrations are those which cause 
actual shrinkage of the coleoptile This may be seen by comparmg 
Fig 6 with the growth curve given as Fig 5 in Thimann and Sweeney 
(1937) 

In the range of sections E and F, it is possible that a discrepancy 
exists between the curves for growth and for streaming Auxm con 
centrations of 20 and 100 mg per liter cause a considerable mcrease 
m growth durmg the 1st hour, but have only little effect on streaming 
Smce the amount of growth in the penod covered by the streaming 
measurements is very small, however, it is hard to obtam satisfactory 
data for it Curvature measurements, by the agar techmque, cer- 
tainly show decreased angles in this range Further experiments will 
be necessary to deade this point 
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In conclusion, the close parallel between the effect of aiuin on 
streaming (m presence of sufBaent oxygen) and the effect of auxm on 
growth a parallel which the present experiments have greatly ex- 
tended ^mdicates that the reactions giving nse to accelerated stream- 
ing and to gro'ni;h are either the same or are mutually mterdependent 
While streanung may go on without growth, as m restmg cells, old 
coleoptiles, or other non-growmg tissues, it is probable that growth 
cannot go on without streanung Hence m the cham of auxm-m- 
duced reactions, the effect on streaming doubtless precedes that on 
growth This is also supported by the extremely rapid onset of the 
effect on streaming 

The experiments and the theory outhned above pronde an explana- 
tion for the close relationship between growth and respiration elu- 
cidated by Bonner (1936) They fit m well with the findmgs of 
Schneider (1938) that the action of auxm on the coleoptile is largely 
dependent on the presence of sugar, and that under smtable condi- 
tions growth may be limited either by auxm or by sugar They sug- 
gest also that the effect of hght on streaming, studied by Botteher 
(1934) may be exerted through an effect of hght on auxin relations 
They give a tentative explanation for the remarkable results of 
Fitting Fmally, they pro\ade a satisfactory basis for the known 
fact that auxm brmgs about a number of apparently mdependent 
responses m the cell, smce an acceleration of protoplasnuc movement, 
through acceleratmg the movement of nutnents or other substances 
m the protoplasm, might brmg countless other effects m its tram 

SUMMARY 

1 A further study has been made of the effect of mdoIe-3-acetic 
aad (auxm) on protoplasnuc streaming m the epidermal cells of the 
Avena coleoptile 

2 The transient nature of the effect of auxm, both m acceleratmg 
and retardmg streanung, is due to the temporar>^ exhaustion of carbo- 
hydrate from the tissues In presence of 1 per cent fructose or some 
other sugars the acceleration or retardation of streanung by auxm is 
not transient, but is mamtamed for at least 2 hours 

3 The retardation of streaming brought about by concentrations 
of auxm above 0 5 mg per hter is due to oxj gen defiaency This has 
been confirmed m several ways 
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4 It follows that the effect of auxin is to increase the respiration of 
the coleoptile tissue 

5 Younger coleop tiles, 3 cm long, ate sensitive to lower concentra 
tions of auxin than those 5 cm long, and more readily exhibit oxy gen 
defiaency as a result of the action of auxin However, after decapita- 
tion their response to auxm mote closely resembles that of S cm 
coleoptiles 

6 The retardation of strea min g in such coleoptiles, resultmg from 
oxygen defiaency, is delayed by very dilute solutions of histidine 
On this basis an explanation is suggested for the results of Fitting on 
streammg m ValUsnena leaves 

7 The mean rate of streaming m control untreated coleoptiles m 
pure water vanes with the time of year, but not with the time of day 

8 The results support the view that auxm accelerates an oxygen 
consuming process which controls the rate of protoplasmic streaming, 
and that the latter controls growth The substrate for this process 
IS probably sugar 

9 It IS suggested that auxm also accelerates another oxygen 
consurmng process, which may withdraw oxygen from the process 
which controls streaming rate and hence cause retardation of the 
latter 
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CRITICAL INTENSITY AND FLASH DURATION FOR 
RESPONSE TO FLICKER WITH ANAX LARVAE 

By W J CROZIER E WOLF and G ZERRAHN WOLF 
(Froj;i //k Bwlogtcal Laboratories, Hanard Umiersily, Cambridge) 
(Accepted for publication, August 10, 1937) 
t 

To test the generahty of the phenomena observed when the flicker 
response curve is obtained with differing proportions of light time to 
dark time m a flash cycle expenments were made with the larvae of 
ittaxjumus (dragonfly) in addition to those, already discussed, with 
the sunfish (Crozier, Wolf, and Zerrahn-Wolf, 1937-38ii) The 
flicker curve (F — log f„) for Anar (1936-370, b) is of speaal mterest 
m that, while it is not compheated by the presence of two sorts of 
peripheral sensory elements, the convex surface of the eye mechan 
ically mtroduces a distortion of the curve due to the comparative 
mefficiency of ommatidia at the margin of the eye (1937-386) As a 
consequence, the probabihty mtegral which efflaently describes the 
flicker data in the case of vertebrates (1936-37c, 1937-380, c, d, 
Crozier, 1937) is widely departed from by the Anax measurements at 
lower intensities The discrepancy is explamed by the results of 
blocking out parts of the eye (1937-386) It was predicted that the 
departure from the probabihty mtegral would be reduced by m 
creasing the proportion of light time to dark tunc (L/fo m a flicker cycle 

The procedure and apparatus have been described in the precedmg 
papers The Anax larvae used were of the same lot as those m our 
examination of the r61e of areas of eyes (1937-386) Check expen 
ments with ir/lo = 1, at 21 5°, gave close agreements m the values of 
with those previously found under these conditions The vana 
tion in 7i agreed with that observed m other mdividuals of this group 
(1937-386), but for both was lower than that m an earUer senes 
(1936-376) This is presumed due to differences m the groups of 
individuals 

The measurements are summanzed m Table I and Fig 1 
463 
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n 

Precisely as with the surihsh (1937--38d), increase m the light time 
fraction moves the flicker curve (Tig 1) toward higher intensities and a 

TABLE I 

Mean cntical lilumination /■, m a flash and P E ij^(miUilamberts) as a function 
of flash frequency T per sec , for different percentages of light time Qi) m n flash 
cycle, at 21 5®, for larvae of Amx jumus lY « ten individuals, n « three 
observations on each, at every point (Data on h, » 50 per cent are given m 
Crozier, \Volf and Zerrahn Wolf 1937-38b) 
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lower maxunum ‘ The decrease m is directly proportional to 
the increase in + ^i>), as seen m Fig 2 The values given for 

1 In these experiments there is no sign of the effect found when two luminous 
mtensities are flickered (as by reflection from light and dark sectors of a rotatmg 
surface) Under such conditions (Porter 1898, tie cf Pi€ron, 1935 Crozier 
Wolf and Zerrahn Wolf 1937-38d) F at fixed / m a flash passes through a maxi 
mum as ti/to is increased Apparently the same condition obtains vnth insects 
for in tests involving the phototropic balancmg of ontmuous hght by a sectored 
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are those found to give best rectilineanty of the upper parts of 
the curves upon a piobabihty grid (Fig 3) Accepting this formula- 
tion as fundamentally coirect, and the departures at lower intensities 
as caused b}'- mechanical disadvantage ot the marginal ictmal elements 
in the reception of light, the plots m Fig 3 also show that the standaui 
deviation of the log I distribution of dF,,/d log I is constant, where 
Fp = 100 F/F,,,,,, This IS likewise true of the siinfish curves (1937- 
3S(i!), and in eadi case is also found when teinpciature is varied 
(1936-37f>, 1936-37c) 

The intensity at the inflection of the ideal curve (straight lines in 
Fig 3) is directly proportional (Fig S) to h/itL + /«), and conse- 



Tig 2 Fnax declines is percentage light time in the flash cycle is mcrcabcd 
(The rate of tlie decrease is less than with the sunfish (I937-38d) ) 

quently to -F,„„ (cf Fig 2) This again is found m the sunfisli 
data 

Tlie departure from a synmietrical curve for F vs log /,„ is clearly 
diminished as IJiD is increased, as was predicted (1937-3S/i} With 
longer flaslies, and higher mean flu\ of illumination at a given F, the 
diance of adequately involving disadvantaged ommatidia is naturall> 
greater, although with larger tjto the frequency with which each of 

beam of the same I the d ita of Jfast and Dolley (1924) clearly show that /' it the 
point of equivalence of the two beams passes through a m i\imuin The elaboia- 
tion of experiments of this 0 pc holds the possibility of realty deciding whether the 
events determining the form of the flicker function are primarily peripheral or 
central 
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Fig 3 Log vs F on a probability integral gnd (F =- 100 F/F ^^ ) The 
departure from rectilineanty, over the lower range of intensities increases as the 
proportion of hght tune is made larger See text, and also Fig 4 


these can be effectively excited is decreased Thus ivhile with the 
sunfish the shape of each part of the flicker curve is independent of 
ih/tot a real change m shape is produced with Anax (Fig 4) in the 
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lower two-thirds of ffif* mnro 'T'u^ 

eas.e„ec™tae„t of penpS:^, 

‘-8 before 



Fig 4 Log /„ vs log F, for different proportions of light time to dark time m 
a flash cycle, to show comparative shapes of the flicker contours 

The measurements with the sunfish showed that the direct propor- 
tionality between /„ and PE/, was identical at the vanous ////o 
ratios Fig 5 demonstrates that the rule holds for Anax as well 
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Fig S The vaiutioa of /j (as P E ij,) and are directly proportional (slope 
on log gnd » 1) The proportionahty constant is independent of visual area 
(open circlets data in Crosier, Wolf and Zerrahn Wolf 1937-3S6) and of /t//ii 
(Table I) 


m 

The basic features of the flicker curve, as described by the param 
eters of a probability integral, ate thus identical in their behavior 
with respect to changes in the ratio of light tune to dark tune in the 
two very different animals, sunfish and Anax larva The different 
behavior of these parameters with reference to temperature is also 
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the same in both A similar explanation may therefore he advanced 
m each case (1937— 38{f) It is based merely upon the dynamical 

properties of the behavior which has provided the measurements 
These properties are defined by their quantitative relations to the 
experimental vanables Their meaning apparently is that F corre- 
sponds to a summated number of elemental effects, normally dis- 
tributed as a function of log / Each I„ is the mean mtensity re- 
qmred to produce this summation for a particular F, its vanation 
(P E /,) IS the intensity fluctuation corresponding to the natural 
fluctuation m excitability, which at each cntical F is also measured 
by the ordmate dF/d log J since the number of elements in effective 
fluctuation will be proportional to the mean number marginally 
excited (1937-38a) The natural cycle of fluctuation m the excit- 
ability of each element is to be pictured as a relaxation-oscillation (c/ 
Hoagland, 1935) not affected by temperature, although the amount 
of excitation required for the response is mcreased by raismg the 
temperature (1936-37c), so that F^ax is unaffected By shortening 
the time during which the hght acts, m a cycle of fixed duration, it is 
possible for a succession of the flashes to act upon a larger number of 
elements before a magmtude of total summated effect is produced 
which will lead to forced recognition of flicker F„,az is then increased, 
in simple proportion to the percentage shortening of the light tune 
(Fig 2), because the succession of bnefer flashes and longer dark tunes 
enables more elements to be “caught” in an excitable state, just as 
with larger visual areas Since on this basis the same or additional 
elements of the same mean excitabihty can contribute more fre- 
quently to the summation required for cntical F, log at the inflec- 
tion point (= t') should decrease, but <riog j should be the same (for a 
homogeneous receptor field) The frequency distnbution, with area 
at 100 per cent, is merely moved to a lower position on the log / scale 
These are the relations as found 

By companson with the flicker curves for fishes (1937-38a) and for 
man (1937-38c) that for Anax is distmctly of an aberrant form 
Such cases provide a valuable test of the general analysis, when the 
reasons for the unusual or less simple structure of the curve can be 
specified For Auax this can be done, and in terms which are con- 
sistent with data on the visual performance of other arthropods 



lo 1 5 0 0 5 10 

log (tjj/tj.) 

Fio 6 P vs log {to/ti), for vanous values of bg /*, as obtamed from Fig 1 
For high values of T direct proporUonabty is mote nearly approached (This is 
also observed if calculations are made on the basis of / the mean equivalent flux 
of Ulununation at the point of the response ) 

pected m the case of an arthropod -with greatly convex eyes This 
condition was employed by Sdlzle (1932), and his flicker curve for 
Aeschna larvae is much more asymmetrical than any of ours (t e , the 
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This View obviously requires that changes of temperature should 
not modify the shape of the discrepancy in the Anax flicker curve, any 
more than they affect In fact on a probabihty grid the shape 



Fig 7 F at different values of /„ , as a function of the percentage dark time 
1 ii the flash cycle 

lb identical from 12 4° to 27 3“^ Increasing fi/fjj, however, decreases 
the discrepancy and lo'u^ers F^as It is clear that conditions imme- 
diately affecting the reception of light {Ijto, area) have a recognizably 
different effect upon the fheker curve than those primarily modiiying 
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the central nervous mechanism of intensive discnnunation (as, 
temperature) 

Neither the curves for sunfish nor for Anax obey the rules which 
have been suggested for somewhat similar (but less complete) expen 
ments with man F at fixed I is not directly proportional to log 
{tD/U) (Fig 6) but follows a curve which is dependent upon the magni 



100 

Fig 8 For Anax larvae, as lor the sunfish (1937-38<J) log I at the inflection 
point of the flicker contour ( =• t' in Fig 3) is duectly proportional to the percent 
age hght tune m the flash cycle 

tude of / There is no clearer case to be made out if compansons 
are made on the basis of I ,, , the mean equivalent flux of illumination 
(Fig 7) Talbot’s law cannot be used to bnng the several curves m 
Fig 1 into comadence The simplest general fact of the situation, 
cleared of the structural comphcations, is that t', the log I at inflection 
of the ideal probabihty curve (Fig 8), vanes directly as the fraction 
of the cycle tune occupied by hght 
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SUiDLARY 

Determinations of the flicker response cuiA^e (F — log /„) witli 
larvae of Anax jtimiis (dragonfly) for vanous ratios of light tune 

to dark time in a flash cycle provide relations between tiftn and the 
parameters of the probabihty mtegral fundamentally descnbing the 
F — log J function, including the vanabihty of I These relations 
are quantitatively of the same form as those found for this function 
m the sunfish, and are therefore non-specific Their meanmg for the 
theor}' of reaction to visual flicker is discussed The asymmetry of 
the Anax curve, resulting from mechanical conditions affecting the 
reception of hght by the arthropod eye, is (as predicted) reduced by 
relative lengthemng of the fractional light bme in a cycle 
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THE KINETICS OF EXCYSTMENT IN COLPODA 
DUODENAIOA* 
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(Accepted for publication, October 19, 1937) 

Protoplasmic reorganization involvmg a dedifferentiation to a stage 
of lesser structural complexity followed by a redifferentiation to a 
highly complex structure is a fundamental procedure which protozoa 
tend to follow at times of fission, conjugation, regeneration, and cyst 
ment* The normal reproductive cycle of the small abate Colpoda 
duodenarto? exhibits this procedure rather markedly In this organ- 
ism the free swimming growth period is mvanably followed by a 
resorption of alia and other cytoplasmic structures along with the 
formation of a cyst within which fission is completed Division never 
occurs without this dedifferentiation and cystment By certain 
changes in the environment (Barker and Taylor, 1931) the normal 
free swimmmg growth penod may be arrested as illustrated in Fig 1 
and the protozoan induced to form a resUng cyst m which division 
may or may not occur Resting cysts differ from division cysts m 
that the redifferentiation, exeystment process, does not occur unless 
certain constituents not found m a simple physiologically balanced 
salt solution are present m the surrounding mechum This enhate is 
thus an excellent experimental orgamsm since both its dedifierentia- 
tion and its redifferentiation may be mduced by control of environ 
mental conchtions ^ 

* This investigation was supported m part through a grant from. The Rocke- 
feller Foundation to Stanford Umversity for research in chemophysicai biology 
The authors are indebted to Mr A G R Stnckland for preparation of the bio- 
logical material and to Dr C B van Niel and Dr A \Y Arnold of the Hopkins 
Manne Station for cnticism of the manuscript 

' For a review of this phenomenon sec an earher paper (Taylor, 1935) 

* For a study of the morphology and taxonomy of this protozoan see Taylor and 
Furgason (1937) 

* The specific compounds mducmg exeystment are not yet known though they 
are present in many complex organic extracts such as hay infusion, yeast autol 
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Preliminary to some experiments earned out on the effects of 
changes m the radiation environment on the cystment process' of 
Colpoda (Taylor, Brown, and Stockland, 1936), a bnef study (unpub- 
hshed) was made of the influence on mduced exeystment of tempera- 
ture, concentration of hydrogen ions, and concentration of the exeyst- 



Fig 1 Reorganization cycles m Colpoda duodenaria and appro-oinate duration 
of some stages under standardized conditions (temperature, 20°C , salts, Oster- 
hout’s balanced physiological medium, 0 012 per cent total concentration, food, 
adequate suspension of Pseudomonas fluorescens, and exeystment medium, 1 per 
cent Duco yeast extract) 

ment solution The influence of too of these factors, namely, 
temperature and concentration of the exey'stment compounds, was 

ysate, and beef extract. See Barker and Taylor (1933) and Thimann and Barker 
(1934) for studies seeking to ascertam the nature oi these exeyatment induang 
compounds 
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also studied by Tbunann and Barker (1934) as a preliminary to their 
investigation of the plant hormone auxin as a possible exeystment 
inducmg substance The mfluence of extreme temperatures and a 
number of chemical reagents on Colpoda cysts has been studied by 
Taylor and Stnckland (1936), Bodme (1923), Goodey (1913), and 
others* However, it was deemed advisable to investigate more 
thoroughly these environmental factors affectmg the cystment process 
m an attempt to gam a fuller understandmg of this profound reor- 
ganization 

MaUnals and Methods 

Preparations of the resting cysts of a pure strain of Colpoda duodenana aligned 
in grooves on Cellophane have been made as described in recent papers (Taylor and 
Stnckland 1935, Taylor, Brown and StneUand, 1936) with some improvements, 
prmapahy m the selection of organisms of a more uniform mtercystment age 
before mduction of the encystment In the preparation used m this senes of 
experiments a few of the organisms (about 3 per cent) divide once before complc 
tion of exeystment, but no difference in exeystment time between those that 
divide and ^ose that do not divide has thus far been detected 

The cyst Cellophane preparation is cut in stnps which are bung in continuously 
Bowing balanced medium (Osteibout’s, 0 012 per cent total salt) at 20^C Under 
these conditions the same preparation yields uniform results for a period of many 
months For immediate expenmentation, small pieces containing approximately 
150 Colpoda cysts are cut from the stnps and placed m 0 5 cc. of balanced medium 
in a covered Columbia dish, which is then transferred to a second constant tern 
perature room. In all cases at least 2 hours have been allowed for the preparation 
to come to temperature equilibnum and then the morganic salt medium replaced 
by the exeystment mducmg medium. Readings of the number of unexeysted 
organisms are then taken regularly during the penod over which organisms are 
emerging from their cysts 

The exeystment mducmg medium used throughout these experiments has been 
a solution of Difco bacto yeast extract (Ref No 283,399) m physiologically 
balanced salt solution (0 012 per cent total salt) Espeually purified salts and 
tnple distilled water have been used in making up this solution 

Since traces of many organic materials affect the exeystment process, care has 
been further taken to avoid rontamination All glassware has been placed m a 
concentrated sulfunc mtnc aad mature and then thoroughly rinsed before each 
experiment Precise control of temperature is quite essential and precautions, 
such as mamtenance of a high relative humidity (above 85 per cent) to avoid 

*See Taylor and Stnckland (193^ and Bodme (1923) for reviews of the 
hterature 
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lowering of temperature by evaporation, have been taken All mampulations 
have been carried out in special constant temperature rooms which are maintamed 
constant to -within a few tenths of a degree Centigrade 

The distribution of fractional excystment as a function of the loga- 
rithm of the excystment tune is found to be normal ® In practice, 



TIME 

Fig 2 A set of experimental data on the time for excystment of Colpoda duo- 
denar ta at 20‘’C [ye], concentration of yeast extract, AT, number of organisms m 
test, time zero when excystment medium placed on cysts 

tune has been measured m minutes, excystment in per cent, and the 
values of the mean log excystment time and standard deviation 
determined graphically from a plot of fractional excystment on a 

5 If N, be the number of exeysted organisms at any time (, N the total number 
of organisms in the test, and log be the mean log excystment time, then for N 
large the fractional excystment is 
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probability scale* as a lunction of tune on a loganthmic scale With 
these scales the expenmeutal data fall neatly on straight lines whose 
slope IS proportional to the reaptocal of the standard deviation 
Hence the excystment in any one experimental test is completely 
descnbed by the values of mean log excystment tune, log t,„ and the 
standard deviation, <r A sample set of experimental data is plotted 
as Fig 2 to illustrate the sort of dispersion usually found Even 
though curves be anomalous with regard to others of the set, the 
points still fall in straight hnes so that there is httle difficulty m 
determining the values of log t,, and a 

EXPERIMENTAL 

In this investigation something of the nature of the reorganization 
(exiystment) reactions has been determined from extensive data on 
the influence on cxcystment time of two environmental factors, tua , 
temperature and concentration of the yeast extract of the excystment 
medium These are factors which alter the rate of the reactions yet 
do not apparently change their nature tliough vaned over wide ranges 
The temperature range has been from 8°C to 32°C and the concen 
tration range from 0 08 gm /hter to 22 4 gm /liter Concentrations 
beyond these limits have been tested, mostly at 20“C , but found to 
result m only partial excystment in many instances’ The mean 
excystment tunes, l,„ vary m the ranges studied from less than 80 
mmutes to more than 10,000 minutes 

The experimental data are summanzed m Table I The values for 
log 1 , and <r are averages considermg each test of equal significance 
regardless of the number of orgamsms m that test In each test, 
measurements have been estimated to a hundredth of an inch on 
graphs of excystment on a probabiUty scale as a function of time on a 
loganthmic scale Smce the loganthnuc scale used is 10 inches/cycle, 

* £ g , Codex Book Co , Inc., Norwood, Massachusetts Number 3128 

’ The lower limit for 100 per cent excystment of a httle less than 0 1 gm /hter 
checks closely with the lumt for dry weight concentration of hay extract to induce 
100 per cent excystment found by Thimann and Barker (1934) Their tests were 
made at 20-23 C and the tests with yeast extract mostly at 20’C They further 
showed that this hrmt depends only on the concentration and not on the total 
amount of extract present so that volume of medium used in these experiments, 
even at lowest concentrations, is not a critical factor 
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TABLE I 

.-1 Sujrn'cry oj Experimenial Dale 

3, temperatiire, degrees Centigrade, [jt], concentration of yeast extract, 
gm./bter, log mean log exc^stment time mtli i measured m mmutes, <r, 
standard deviation of log exeystment tunes for mdividual organisms, dimension- 
less, -V, number of organisms, and «, number of tests. 
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each 1/100 inch represents a change of one unit m the third figure 
following the decimal pomt This last figure, however, is not truly 
significant smce the standard deviation of log excystment tunes of 
mdividual organisms from the mean is of the order of 0 05 and the 
number of orgamsms 150 so that the mean would have a standard 
deviation of the order of 0 004 (equivalent to about 1 per cent on a 
time scale) if all conditions were the same m each test That condi- 
tions have not been exactly the same m each test is shown by the 
observed deviations of the means, for the tests at 20°C and 10 
gm /hter the value of s (root mean square deviation) is 0 027, for 
15°C and 10 gm /hter, 0 029, for 20“C and 2 gm /hter, 0 036, for 
15°C and 2 gm /hter, 0 040, for 20°C and 0 4 gm /liter, 0 066, and 
for IS^C and 0 4 gm /hter, 0 043 Thus the dispersion of conditions 
of experimentation cuts the accuracy inherent m the preparation by a 
factor of about ten With this standard deviation of the order of 
0 04, the probable enor for log t„ from any set of tests would be 
approximated by 0 03/ii (equivalent to about 7/« per cent on a tune 
scale) where « is the number of tests 

Influence of Cancentratian of Excystment iledtum on Excystment Process 
The process of excystment m this analysis is considered to depend 
on a set of chemical reactions, the first of the set requinng some 
constituent from the medium used to mduce the excystment The 
tune reqiured for the complete process is then some function of the 
times required for the separate reactions of the set The excystment 
penod has been broken up mto mtervals dependmg on the nature of 
the change occumng dunng that mterval 
The first sphttmg of the excystment penod is into two intervals, 
one dependent on the concentration of the excystment medium and 
the other mdependent of its concentration These two mtervals have 
not been measured dueedy,* but computed from the measurements of 
the time for completion of the excystment process as a function of 

“Some unpublished expeninents by ilr A G R. StneUand indicate that 
duect evaluaUon of this first interval may be made by eiperunenta m which the 
cysts are washed free of the excystment medium after a limited time m it Mr 
Strickland found that if this washmg la early m the excystment penod no excyst 
ment takes place, whereas if late m the excystment penod, all organisms completf 
the excystment process 
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RECIPROCVL CONCENTR^mON 


Fig 3 Excjstment tune for Colpoda diwdenana as a function of reciprocal 
>east eitract concentration 

the concentration of the yeastextract used to induce the excystment 
If the time for the interv’al dependent on [y « ] be then it is found 
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that all isothermal experimental data are well fitted by settmg i, 
mversely proportional to [y c 1 The complete excystment time, 
t ,, would then be the sum of U = 5/[y e ] and a constant, C = i , — h 
It IS seen from this relation. 


that plots of excystment time, t.,, as a function of reaprocal [y e ] 
should be straight Imes whose mtercept with the time axis is the 
interval mdependent of [y c 1, t e the constant C, and whose slope is 
the mterval dependent on [y e ] for umt concentration , t c , the con- 


TABtE u 

A Summary of Derived Data 

S, temperature, degrees Centigrade, C, excystment period mdependent of 
concentration of excystment inducing medium, mmutes, B, excystment period 
dependent on concentration of excystment medium for umt concentration 
mmutes subscripts a and h reference to different methods of analysis 
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stant B The pomts for each temperature have been plotted, straight 
Imes drawn through them, and the values of C and B detenmned 
from the time mtercept and slope Smee the experimental concen 
trations were taken at equal mtervals on a loganthimc scale, the 
pomts are very unequally spaced on a reciprocal scale and the data 
for the two lowest concentrations have been ormtted from the graphs 
of Fig 3 m order that the more accurately determined pomts for 
higher concentrations be not excessively crowded The values of C 
and B detenmned m this way are entered m Table If as Co and Ba 
The values of C and B have also been detenmned mdependently 
from the same experimental data by a second method Equation (1) 
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plots o£ log <1 as a functioa of log [y e j are straight lines whose slopes 
are — 1 For each set of isothermal data values of C have been deter- 
mined so that the pomts fall as dosely as possible on straight hnes 
with slope — 1 when log h is plotted agamst log [y e ] These graphs 
mdude the experimental pomts for the lower concentrations and are 
shown in Fig 4 and the values of C and B taken from them entered as 
Ch and m Table It In the subsequent analysis the average values 
from these two determmations have been used, though the values are 
so dose that no marked difference would be noted if either one alone 
had been taken 

The relation between excystment time and yeast extract concentra- 
tion, equation (1), which fits the isothermal experimental data rather 
wdl, 13 a relation that may be derived from simple assumptions con- 
cemmg the nature and mechamsm of the excystment process One 
need only consider this process to depend on a compound, Fj, of the 
yeast extract diffusmg mto the encysted organism and there reactmg 
with a substance. Pi, of the protoplasm accordmg to the general 
equation 

r, + p,5iy,i>.-^4p,+ (j) 

where YiPi is a complex which reorganizes to form the compound Pt 
which IS essential to excystment 

lyet the concentration of Ft outside of the organism be '[FJ = 
oii[y e ] and at the place of action with Pi inside the orgamsm be 
'[FJ, then the rate of change of ‘(FJ would depend on two rates, that 
of diffusion and that of formation of the complex FiPi This second 
rate is equal to — d[Pi]/dl so that the kmetic equation for this depend- 
ence would be 


d lr.l 
di 


Didrj- (7,1)+^ 

at 


(3) 


where A is the diffusion coeffiaent* for Fi Nowit the assoaation of 
Fi and Pi to form the complex is rapid compared to either the diffusion 


’ The constant is perhaps more compheated smee there is a set o£ membranes 
about the cyst so that more correctly, it should be muluphed by factors for 
membrane structure, partiUon coeffiaents etc., — see Osterhout’s papers (Oster 
bout 1932-33) Forthisanalysis, however, this simple form of Fick slaw sufiSces 



486 


KINETICS OE EXCYSTMEKT 


or the transformation of the complex, there would be an equihbnum 
at all tunes between Yi, Pi, and YiPi, i e , 


[FdIPi] _ 
iPiPi] 


(4) 


The kmetic equation for the transformation would be 


d*lPt] 

di 


^dPtPil 


(5) 


in which *[^ 2 ] represents the concentration of Pi that would exist if 
Pi vfere not consumed by other reactions, the actual concentration of 
Pi can have no effect on the reaction smce it is considered irreversible 
Smce for every molecule of Pi that enters mto reaction, a molecule 
of YiPi or Pi IS formed, we may wnte the equation 

[Pil + [FiPil + *(Pd = [Pilo (6) 


where [Pi]o is a constant assumed to be the concentrahon of Pi in 
the restmg cyst 

From equations 3, 4, and 6 it follows that 


d*[Pi] 

di 




IF.] + K 


K 


+ 


[p.io - *[p»]y-iF>] 
’IF,] + K / di 


(7) 


and from equations 4, 5, and 6 that 

<i*[Pd _ A,*IF,]({P,], - *fP,}) 
di ’[F,] + K 


The solution of equations (7) and (8) is most easily made m limiting 
cases 

Case I — Diffusion is limitmg factor m rate of formation of Pz In 
this case ’[Fi] = 0 and d'[Y^/di = 0 for as soon as Yi enters the site 
of reaction it is combmed with Pi and goes to form Pz Thus equation 
(7) reduces to d'[P^/dl ~ A^Fj] which may be immediately inte- 
grated to 

•IPj] =Pl(F,]< = Aa,[yHi 

It 15 not so much the absolute -value of '[Fi] that must remain small dunng 
the penod m Ahich diffusion is a contiolhng factor m order that d*[Pzydi ~ 
Diai\j e ]1 but that 'lFj]/»[Fi} < < 1 Since the range of concentrations tested is 
\er> eiten3v\e, even thou^ this ratio is not small for the lowest concentration, it 
15 surel> so tor the majontv of them 
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and the tune (j for production of the requisite amount of Pj will be 
inversely proportional to [y c ] 

Cose II — Reaction tune is limiting factor m rate of formation of Pi 
In this case, except for a negligible tune close to ( = 0, ‘[VJ =■ = 

a (y c 1 and equation (8) becomes 


4*[Pil 

Jt 


tiaityel 
Ki -f aityel 


UPJ. - ’IPJ) 


( 10 ) 


which mtegrates to 

*lPil 


/ Aiailv 


( 11 ) 


Now if ai[y e ] < < Ki" and the exponent as a whole is small, the 
expression reduces to 

IP.l^fPJ.^heK (12) 


and agam we have the tune mversely proportional to [y e ] 

Case III — Diffusion tune and reaction tune of the same order 
The analytical expressions for this case have not been detennmed 
directly but approximated by takmg the tune for *[Pj] to reach *[P>]t 
to be the sum of the tune for diffusion and the time for reaction as 
found in cases I and II, » e , 



The range of temperatures over which both are of the same order 
happens to be small compared with the total temperature range so 
that we are not dependent on this case for a very wide temperature 
range 

In this analysis we have started with a simple reaction, equation (2) , 
and though it gives the proper relation between h and ]y e], equation 
(13), it IS too simple, for it was shown by Thimann and Barker (1934) 
that an exeystment medium (hay extract) could be separated mto two 
fractions each contammg an essential exeystment compound, one 
with a high distnbution coeffiaent between water and ether and the 

u Barker aad Taylor (1933) estimate the exeystment compound need only be 
present m concentrations o! the order of one part m ten to a hundred mdhon parts 
of solution m order to brmg about complete exeystment 
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Other with a low coefficient Thus the reactions may be of the 
general form 


^YxPi + 

Fi + Pi + Fi Fi + PiF, ;=i FiPiF. P, + 

FiF. + Pi^ 


(14) 


For this case the equihbnum equations are 


4Fi][Pi] _ [Pi].[7j 

[FiPJ [P,Fd 


lF.P,]-[Fj ^ -fFiKPiFd _ 

iFiPiFd ’ [FiPiFj ’ 


■[Fil’lFd 

•[FiFJ 

•IFiFdlPj _ , 

[FiPiFj • 


(ISa-/) 


which may be combmed to give 


‘iFiUPiMyJ 

[FiPiFj 


= KiKi = K[Kj 


= ^i^ 


(1S«) 


The equation for the transformation then becomes 


J*fPd 

dt 


iiilFiPiFj 


(16) 


and, smce Pi now is converted mto FiPi and F-Pi, equation (6) must 
be modified to 


[PJ + [FiPil + [P, Fd + IF, Pi Fd + *[Pd = [Pda (17) 


From these equations we obtam 

t^*[Pd ^ ^■[FdtFddPdo - *[Pd) 
dt ^ KiKt + KdFd + k; iFd + IF, Fd 


The complete diffusion equation has not been wntten, but m the 
case in which diffusion of F, is a limiting factor and Di << Di, 
where D 2 is the diffusion coeffiaent for F 2 , we get the same equation as 
before, t e , d‘[P 3 ]/dt = Z>i®[Fi] or '[P*] = Aai[y e ]t 

In the case of reaction rate a limitmg factor, equation (18) may be 
solved to give 

tiaiglly e \ 

I — g ■Kl.Kj-r(^riai-r^jai)[v» l+aiojtv« (19) 

and for mverse relation between /- and [y e ] it is required that K: 
^ Ki with ivi<3C 1 Thus m place of equation 13 we have the equation 

. = ( 20 ) 
Gib'd \A ^iGjlPdj / 
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The deviations toward too short an excystment tune for low concen- 
trations that may be noted m Figs 3 and 4 can now be explained by 



TIME AFTER ENCYSTMENT 

Fig 5 The change m eicystmeut tunc with age of cyst Cellophane preparation 
during the 1st month all tests at 20 C. 


*[yi]o?sO m the restmg cyst This could not be true in the case of 
one active component m the extract smce this component would react 
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to form P-, but •with two components required to form the complex, 
this condition could well exist Further evidence that the concen- 
tration of the slowly diffusmg substance m the resting c>st is not 
always neghgible may be inferred from the increase m excystment 
time, espeaally with dilute extract, found dunng the first week or 
two after makmg the c}'St-Cellophane preparation (Fig 5) This 
phenomenon finds a ready explanation if the slowly diffusmg com- 
pound were graduall} washed out dunng this penod Due to this 
mcreasmg excystment time, tests made dunng the first 20 days, all 
at either 20'’C or 17°C , have not entered into the averages of Table I 
All observations made after 20 days and before 136 days, however, 
have been av^eraged, none omitted 

Infuence of Temperalnre on Excysltnenl Processes 

In the preceding section it was shown that the penod of excystment 
dependent on [y e ] im'ght be expected to follow the relation of equa- 
tion (20) in which all symbols are constants except and {>’ e ] if the 
temperature is constant Now if the temperature is a vanable, the 
diffusion coefficient. A, would be expected to change m accordance 
with the Stokes-Emstein relation that D = RT/6~NT]r^' where T is the 
absolute temperature, tj the viscosity coefficient, R the gas constant, 
N Avogadro’s number, and r the radius of the diffusing molecule 
The veloaty constant, /’j, would be expected to change in accordance 
with the Arrhenius equation, A = .1 exp — ti/RT and the equilibnum 
constants accordmg to the van’t Hoff reaction isochore equation that 
K — G exp — lEfRT, where is a constant, the heat of activation, 
AH the heat energy change per mole, and .1 and G constants ^ Hence, 
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considering AH negligible compared with heat of activation, equation 
(20) reduces to 



( 21 ) 


where ff and-)- are constants, each containing several unknown factors 
Direct measurements of the viscosity coeffiaent, tj, have not been 
made on Colpoda, but very fortunately the variations of i) with tern 
perature m another small protozoan. Amoeba dtibia, have been made 
by Hedbrunn (1929 a, 19296) by the method of centnfugmg naturally 
occurrmg granules The constant p has been detemuned by calcu 
latmg it for exact fit to Heilbrunn’s curve at 17°C and again at 20°C 
(the reaction time is neghgible at these temperatures) and then takmg 
the mean of these two detenmnations The values of the constants 
In y and n have been determined from the values of B at 8°, 9“, 10'’, 
and 11° by the method of least squares Introducmg these constants 
in the equation gives 


/lb"! “ h 


■t 16 X lO’i 
T 


alien 

+ c or 


->SI 111 


( 22 ) 


and It is this curve that is drawn in Fig 6 The points are the average 
of S„ and Bt of Table II The scales of log /j as ordmate and 1/T as 
absassa have been used since with these scales the data plot on straight 
lines if a chemical reaction is the limiting factor The time A is m 
nunutes if [y e ] is measured m gra /liter and a is measured m poises 
The extraordinanly large value of 220,000 calones/mole for the 
energy of activation (equivalent to about 10 electron % olts per mole- 
cule) for this reaction between the protoplasm and the exeystment 
medium indicates that the activation probably mvolves several bonds 
This IS perhaps to be expected m biological systems where reactions 
may involve the very complex protein molecules and m this case may 
account for the stabihty of the encysted Colpoda 
The Arrhemus plot of the time for the exeystment period inde 
pendent of the concentration of the exeystment extract is plotted m 
Fig 7 It appears from inspection of this plot that there are at least 
two different reactions involved m this penod and straight Imes 
have been fitted by the method of least squares to the 8°, 9°, 10°, 11°, 
12°, 13J° and 15° pomts and to the 17°, 20°, and 23° pomts Above 
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That these values of m niay be rather fat from the true activation 
energies has been shown in an analysis of the case for two consecutive 
monomolecular reactions by Burton (1936) According to his anal 
ysis, the ratio between the reaction rates would have to differ by a 
factor of 49 at two pomts under consideration for the apparent values 
of activation energy to be withm 10 per cent of the true value In 
this case the ratio of the tunes for the separate reachons, taken near 
the midpoints of the two straight Imcs is only about 5 and accordmg 



Fio 7 Arrhenius plot of time for eicystment processes independent of the 
concentraUon of the excystmeut medium 


to the analysts for consecutive reactions, the true values of li could 
be of the order of 30 per cent from the observed values However, 
if the reactions are limited by catalysts or are not consecutive but 
hnked so that they run concurrently, the observed values of slope 
would give the correct activation energies 
It IS thought by Hoagland (1937) from general considerations that 
there must exist controlhng conditions so that the values of ju truly 
characterize the mdividual reactions He gives no examples or 
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mecliaiiisnis of such, systems and even goes so far as to write that “no 
simple mechamsm will give sharp breaks ” 

The value of 18,000 calones/mole is in the range found for many 
biological oxidations (Crozier, 1924-25, Lineweaver, Burk, and 
Horner, 1931-32, Stier, 1932-33, Crozier, Tang, and French, 1934-35, 
and Hoagland, 1935) and since it is known that oxygen is required for 
the excystment process (unpublished data), it is tentatively assumed 
that this reaction is an oxidation If this is true, then the leveling 
of the curve at 25° may be due to the rate of transmission of oxygen 
becoming a limiting factor above this temperature 

The Distribution of Excystment Times of Individual Organisms 

As noted in an earlier paragraph, the distnbution of the log excyst- 
ment times about the mean log excystment time is according to the 
normal distnbution in all cases The mean value of the standard 
deviation, o-, for each temperature and concentration is recorded m 
Table I and plotted in the graphs of Fig 8 It is seen that cr shows 
no consistent change with temperature except for temperatures below 
12°C though diffusion time and reaction times both change through- 
out the entire temperature range The straight lines are the weighted 
averages for aU temperatures above 12°C considering each test of 
equal significance Each of the points which is shown on the graph 
may thus have a different weight 

The t3rpe of distnbution^ itself indicates that the pnncipal factors 
causing deviation from the mean act throughout the excystment 
penod, not dunng a part of it only Further evidence that the dis- 
persion IS one of reaction rates rather than starting tunes is seen in 
that the diffusion time vanations between 12° and 32° do not notice- 
ably appear in the curves for a The break in the curves for cr at 
12°C corresponds nicely to the point at which with lowenng tem- 
perature the reaction with an ingredient of the yeast extract ceases 
to take a negligible length of tune 

The concept which seems most consistent with these data is that 
the dispersion is principally dependent on the extent of the reaction 
between the exc> stment compound of the yeast extract and the proto- 


See footnote 5 
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plasm This reaction, being one which depends on both the proto- 
plasm and its environment, takes a significant length of tune only at 
temperatures below 12°C and, bemg the first, could mfluence all 
excystment reactions 



Fig 9 Influence of yenst extract concentration on deviations of excystment 
times of indivndual organisms from the mean log excystment time for the tem- 
perature range < 0 < 32''C 


As the yeast extract concentration is increased, the deviation 
becomes asjunptotic to a value of about 0 03 (Fig 9) It seems prob- 
able that this minimum deviation is charactenstic of the particular pre- 
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parahon used rather than o£ the excystment environment and could 
be lowered only by increased refinement of the encystment tedmique 

DISCUSSION 

In this paper the redifferenbation of Colpoda duodenaria from the 
restmg cyst to the free swimmmg protozoan is shovm to be a process 
which may be divided into periods, the first, a period dependent on 
diffusion through the protoplasm of some essential substance from 
the excystment medium followed by a chemical reaction with an 
activation energy of 220,000 calones/mole, and the second, a penod 
controlled by two reactions, one with activation energy of 18,000 
calones/mole dommant above IS^C and one with 44,000 calones/mole 
dommant below 1S°C At the present tune the chemical compounds 
mvolved m this process are unknown, however, a generalized hypo- 
thetical system of cheimcal reactions, consistent m every detail with 
the chemophysical findmgs, is proposed It is suggested that the 
first reaction with 220,000 calones/mole activation energy is the 
formation of an enzyme, that the reaction with 18,000 calones/mole 
activation energy is a catabohc oxidation, and that the reaction with 
44,000 calones/mole activation energy is an anabohc reaction, linked 
to the catabohc reaction for its energy requirement or dependent on it 
for some compound As long as this production of energy or some 
essential compound is adequate, the anabohc reaction is limited by its 
inherent reaction rate (a complex may be mvolved whose concentra- 
tion IS a constant, that of some catalyst, possibly the above enzyme) 
Above 1S°C this condition is not fulfilled (the catalyst would be 
unsaturated and the concentration of the complex lower) so that the 
rate of anabohsm depends on the rate of the catabohc oxidation 
The compound whose diffusion mto the protoplasm is the first 
controllmg factor m the excystment process is possibly the essential 
ether soluble substance partially separated from hay extract by 
Thunann and Barker (1934) They noted that the water residue after 
ether extraction caused excystment to take a long time compared 
with that taken when the ether fraction or the ongmal medium was 
used This water residue may be assumed to have only a small 
amount of the more ether soluble compound so that it corresponds to 
very dilute extract m diffusion tunc The rapidly chffusing compo- 
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nentj Fj, would then be the more water soluble constituent of Thi- 
mann and Barker’s hay extract 

The changes m diffusion tune due to viscosity changes follow a 
rather pecuhar curve and the excellent fit of this viscosity-temperature 
cur\'e inferred from diffusion to the curve found by Heilbrunn (1929 a) 
by direct measurement of the time for sedimentation of naturally 
occumng granules m centnfuged Amoeba dubia checks this relation 
in small protozoa from different sub-phyla, viz , Cihata and Sarcodina 
It may be noted that the fit would be still better if the curve ivere 
shifted by about 1 5°C It was suggested by Heilbrunn (1929 a) that 
the normal temperature en^’l^onment may determine the position of 
the curve, his cur\'e for Amoeba diibia bemg shifted several degrees 
(of the order of 10°C ) above that for Cumingta egg (Heilbrunn, 1924) 
which would be accustomed to the lou er ocean temperatures Hou - 
ever, a —1 5° shift from that of Amoeba dubia cultured at 18°C to 
that of Colpoda duodenaria cultured at20°C is m the opposite direc- 
tion 

The relation between the change m sensitivity to x-ray irradiation 
at a certam stage m the excystment process (Taylor, Brown, and 
Strickland, 1936) and the set of chemical reactions proposed from this 
study IS not evident In the x-ray experiments the conditions were 
such that the first penod, diffusion and first chemical reaction, was 
complete in less than 10 minutes The shift in effectiveness of x-rays 
m delaymg excystment came at approximately 85 minutes after the 
start of e\c> stment Hence though this phenomenon cannot now be 
correlated with the reactions that control excj'stment rate, the reac- 
tion betw een the protoplasm and the \ east extract is evidently not 
the one blocked by the irradiation, the photosensitive condition 
persisting until relatively late in the exc> stment penod independent 
of the concentration of the excy stment medium 


stnmASY 

1 Extensue experimental data have been collected on the time 
required lor the exc} stment process of the small abate Colpoda 
d icdchcr^a throughout a range of temperatures of 8° through 32 C 
and a range oi concentrations of jcast extract excystment media ol 
0 OS through 22 4 gm /hter 
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2 The excystment process has been separated uito two periods, the 
first inversely proportional to the concentration of the yeast extract 
and the second independent of its concentration 

3 The first excystment period has been found to depend on the 
time for diffusion through the protoplasm of a compound from the 
yeast extract and on the time for a chemical reaction with the ex 
tremely high energy of activation of 220,000 calones/mole 

4 The changes in viscosity with temperature for this Colpoda, 
inferred from diffusion rate changes, have been found to be almost the 
same as those found by Heilbrunn for Amoebu dubia by the direct 
method of centnfugmg granules 

5 The second excystment period is shown to be controlled by 
reactions whose apparent activation energies are 44,000 calones/mole 
below 15°C and 18,000 calones/mole above 15°C , above 2S°C this 
penod IS mdependent of temperature 

d The distnbution of the log excystment tunes of individual organ 
isms about the mean log excystment time is found to be mdependent 
of temperature except m the range where the reaction with highest 
activation energy takes a significant length of tune, and to mcrease 
rapidly with decreasing temperatures in this range 
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In 1882 Langle\ (1) noticed that a shghtK alkaline extract of gas 
tne mucosa contained a matenal nhich uas not pepsin but which 
changed into pepsin upon aadification of the extract This alkali 
stable matenal capable of bemg con\erted into pepsm is known as 
pepsinogen Holter and Northrop (2) partiall> punhed pepsinogen 
b> fractional salt preapitation of an extract of swme stomach mu 
cosae 

^fethod of Isolation 

The total pepsinogen m an average swine stomach mucosa is about 
a gram of w hich at least 90 per cent is located m that third of the mu 
cosa known as the fundus The minced fundus mucosae were ex 
traded with a bicarbonate ammonium sulfate solution followed b\ 
precipitation of the soluble pepsinogen at a higher concentration of 
ammonium sulfate By this one extraction and precipitation an 80 
per cent jield of the total pepsinogen was obtained The product 
was aO times as pure as the starting matenal and half as pure as the 
final crystalline product, based on the protein nitrogen analyses 
The matenal at this stage was nearly the same as the best prepara 
tions of Holter and Northrop (2) Further purification of pepsino 
gen by fractional salt preapitation was unsuccessful The prepara 
tion still contamed considerable quantities pf carbohydrate as well as 
protein impunties which were removed by treatment with a copper 
hy droxide reagent 

When a washed copper hydroxide suspension at pH 6 0 was mixed 
with a solution of the pepsinogen desenbed just above, practicalh 
all of the protein and carbohydrate materials were bound to the 
copper precipitate Upon extracting this precipitate with pH 6S 
oOl 
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this treatment with copper hydroxide a pepsmogen preparation was 
obtamed which contained negligible quantities of carbohydrate and 
less than 5 pet cent protem impunties In fact no detectable un- 
provement m the quahty of the pepsinogen has been obtamed with 
any subsequent treatment 

Crystallization of the pepsmogen after two treatments with the 
copper reagent was earned out by dissolving a 0 7 saturated am 
monium sulfate filter cake m 9 volumes of 0 4 saturated ammomum 
sulfate li/lO pH 6 3 phosphate buffer and stirring the solution 
slowly at 10°C In 6-24 hours the beaker was a swirhng mass of 
very thm long needles of crystaUme pepsmogen (Fig I) 

Tests of Purtly 

The first evidence of the punty of pepsmogen is a solubUity expen- 
ment based on the phase rule which states that for a given solvent the 
solubility of a pure substance is mdependent of the quantity of sohd 
phase, t e , the amount dissolved will not vary with the amount of 
sohd The solubihty of pepsinogen m 0 55 saturated ammomum 
sulfate it/10 6 8 phosphate buffer was found to be constant over a 
20 fold vanation m the quantity of sohd pepsinogen The quantity 
of pepsmogen dissolved was determined m three different ways, 
namely, estimation of the dissolved protein mtrogen and the amount 
of pepsm produced upon acidification as estimated by the hemoglobin 
and rennet methods 

The remammg evidence concemmg the purity of pepsmogen is 
the negative results of numerous experiments designed to separate the 
hypothetically pure pepsmogen from any impurity Smee the funda- 
mental and eharactenstic property of pepsmogen is its quantitative 
conversion mto pepsm and since the activity of pepsm can be deter- 
mmed with a preasion of nearly 5 per cent, it was this property of 
pepsmogen (designated as “potential activity”) that was examined 
dunng the following experiments The fractionation experiments 
consist of changing either a small percentage or a large percentage 
of the pepsmogen by some procedure and then determming the po 
tential activity per milligram of protem mtrogen in either the small 
percentage that was altered or m the small percentage left unchanged 
If a protem impunty is present m the preparation before fractions 
tion then it would be expected that some one of the fractionation 
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procedures would at least partially separate it from the pure pepsino- 
gen and in doing so would raise the potential activity per miHigram 
oi protem nitrogen in the other fraction The procedure used m the 
first espenment was fractional recrj^stallization m uhich both the 
cr}'stab and the mother hquor were analyzed It v. as to be expected 
that any impurity would tend to come out with the cr}'stals or remain 
m solution in the mother hquor m some quantity other than just in 
proportion to the quantity of pepsmogen Likeviise, experiments 
were performed m which fractionation v as earned out after partial 
heat and alkah denaturation and after partial reversal of completely 
heat and alkah denatured pepsmogen In these experiments it 
was expected that an impunt^' would be separated mto one frac- 
tion and would thus raise the potential activity per milhgram of pro- 
tem mtrogen of the other However, m no case was there any con- 
sistent or defimte exadence of a fraction ha\^ g higher potential 
actixfity per milhgram of protem mtrogen It is concluded, therefore, 
that the pepsmogen as isolated, havmg -withstood the available tests 
for protem purity, is a pure protem to the extent that the methods 
are predse, about 5 per cent 

Properties of Pepsinogeii 

Table I contains a summary^ of the properties of pepsinogen and, for 
comparative purposes, the corresponding properties of pepsm have 
been mcluded In general it may be stated that those properties 
which depend for the most part on the whole molecule are much 
the same m the two proteins, whereas those properties vhich are 
more probably a function of particular groups or structural parts of 
the protem are in a number of mstances different Thus, the ele- 
mentary" analy ses, molecular weights, absorption spectra, and optical 
rotation are quahtatively the same m pepsm and pepsmogen whereas 
the enzymatic actmty , pH stability range, isoelectnc pomt, amino 
nitrogen, titration cur\ es, reversibihty oi heat and alkaline denatura- 
tion, and antigematy (3) are quite different m the two proteins 

Denaturation, one of the most charactenstic properties of proteins 
13 so different in pepsm and pepsmogen as to be >. orthy of particular 
notice Alkah denaturation of pepsin tal-es place at appreaable 
rates in solutions more alLahne than pH 6 0 This has recently been 
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studied in considerable detail by Steinbardt (4) The reaction fol- 
lows a simple ununolecular course with an increase in rate as the pH 
increases and in concentrated solutions the denaturation is not revers- 
ible Although a detailed study has not been made heat denaturation 
IS not readily reversible and Northrop (5) has shown that it also 
followed a ununolecular course Pepsmogen, on the other hand, 
although denatured by heat or in solutions more alkahne than pH 
8 5, IS denatured m a completely reversible manner After complete 
denaturation, as demonstrated by its insolubility in salt solutions m 
which the native form is soluble and by the fact that the protem is 
not converted mto pepsin when mixed with aad, the denaturation 
may be completely reversed and the pepsinogen shown to be native 
by the same cntena as were used to test for denaturation Dena- 
turation of pepsinogen is similar to the denaturation of trypsin by 
heat (6) or of hemoglobin by sahcylate (7) That the denatura- 
tion of pepsmogen is a true eqmhbnum reaction was established by the 
fact that at any temperature or pH in heat or alkali denaturation the 
quantity denatured is the same whether that temperature or pH be 
approached from the higher or lower value, i e the quantity of native 
or denatured protein is the same when the conditions are approached 
from the completely native or completely denatured side of the equi- 
hbnum Upon long exposure of pepsinogen to the denatunng agents 
the reversibly denatured material is slowly changed into an irrevers- 
ible form The rate of this change is increased by an increase in 
temperature or pH and, in the case of the change caused by heat, the 
reaction follows the course of a ununolecular reaction 

It may be seen from the titration curves of pepsin and pepsinogen 
that the total number of groups titrating between pH 6 0 and pH 
12 0 IS nearly the same in the two proteins but the pH at which the 
groups titrate is different, i c , the slope at any pH is not the same for 
the U\o proteins Ho\\ever, the pH at which the groups titrate 
coincides with the pH at which the correspondmg protein is rapidly 
denatured 

When solutions of pepsinogen are made more acid than pH 6 0 
the protein is converted mto pepsin This conversion of pepsinogen 
into pepsm has been examined from two angles, the kinetic and 
cheimcal In the Lmetic study it was found that between pH 4 5- 



ROGER U HERRIOTT 


507 


S 0 the course o£ the conversion is accurately descnbed by a simple 
autocatalytic equation That the reaction is autocatalytic means 
that a product o£ the reaction, m this case pepsin, catalyzes the reac 
tiott and therefore produces more of itself The reaction is at least 
partially autocatalytic at pH 0 0 as shown by an increase m the rate 
of conversion upon addition of pepsin However, m solutions more 
aad than pH 4 0 the reaction appears to deviate from the simple 
autocatalytic The rate of conversion is greatly increased as the pH 
decreases with a maximum near pH 1 0 The rate decreases beyond 
this maximum as the pH decreases and this decrease m activity does 
not appear to be an acid denaturing effect upon either pepsm or 
pepsmogen The presence of salts m the medium has an acceleratmg 
effect upon the conversion The concentration and charge or valency 
of the ions of the salt are variables which affect the rate Kumtz 
and Northrop (8) have noticed a somewhat sitmlar effect of salt on 
the autocatalytic conversion of trypsmogen mto trypsin 
A chemical study of the conversion has shown that as pepsin is 
formed from pepsmogen there is a concomitant cleavage of the pep 
smogen molecule 15-20 pec cent of the pepsmogen mtrogen appears 
m the solution as non protem mtrogen, t e , nitrogen not preapitated 
by hot 2 5 per cent tnchloracetic aad It was demonstrated that 
this appearance of non protein mtrogen m the solution was not the 
complete digestion of part of the pepsmogen by pepsm by the fact 
that addition of three tunes as much pepsm as pepsmogen resulted in 
the production of the same quantity of non protem nitrogen upon 
activahon as did the control where activation was spontaneous It 
could be supposed that m spite of the tests for punty which showed 
the pepsmogen preparations to contain little or no protem impurity 
that there was IS per cent of a foreign protem which consistently 
resisted fractionation This was made less likely by some experiments 
which showed that under widely different conditions of activation the 
change in non protem mtrogen vanes Imearly with the mcrease m 
activity and that under these same vaned conditions the increase m 
non protem nitrogen and activity stop at the same time 
Part, if not all, of this 15-20 per cent non protem nitrogen is cap 
able of actmg as a dissoaable inhibitor with pepsm Its effect is 
most pronounced at pH 5 8 where tlie rennet activity of pepsm is 
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measured Dissociation of the inhibitor pepsin complex takes place 
in aad so that there is no complicating effect on the hemoglobin 
activity measurement of activation mixtures The anuno nitrogen 
of an activation mixture is larger than the original pepsinogen by 
about nine ammo groups per molecule of pepsinogen It is to be 
expected that the conversion of pepsinogen into pepsin would result 
in an mcrease in ammo nitrogen since pepsin is catalyzing the reaction 
and no linkage other than the peptide linkage is known to be spht 
by pepsin 

It appears then, that upon aadification of a solution of pepsinogen 
an enzymatically inactive, reversibly denaturable protein with an 
isoelectric point of pH 3 S is split at probably not more than nine 
peptide hnkages to produce pepsin, an active, irreversibly denaturable 
protein isoelectric at pH 2 7, and a non-protem nitrogenous fragment 
which contains 15-20 per cent of the original pepsinogen nitrogen 

EXPERIMENTAL RESULTS 

Preparation of Crystalline Pepsinogen 

A detailed account of a typical preparation is presented in Table II 
The text of tins section includes a description of the first step m the 
preparation and a discussion of some of the procedures and materials 
used in the lemamder of the preparation exemplified in Table II 

The mucosae used throughout this work have been prepared from stomachs of 
freshly killed swmc The stomach is removed immediately after death, turned 
inside out, and the contents washed away with cold water No lU effects will be 
noticed if the stomachs remain after w'ashing for as much as 5 hours at room 
temperature but a longer time is to be avoided 

The fundus part is the only desirable portion of the stomach and is accordingly 
cut out from the remainder with scissors The fundus is pink or darker in color 
than the surrounding tissue and may easily be recognized when the stomach is 
inside out 

The layer of muscle tissue must be separated from tlie mucosa of the fundus 
Tins IS most expediently carried out by first carefully cutting the connecting tissue 
to allow one to grip the layers separately and then pulling in opposite directions 
The fundus mucosa is then placed upon a flat surface and the clinging shme or 
mucous scraped off with the aid of a microscope slide or any piece of glass having 
a straight edge This yellow mucous, if not removed, greatly retards the subse- 
quent purification procedures Analyses of swine gastric mucous have recently 
been made (9) Removal of the shme is followed by a rinse m cold water The 
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mucosae are now ready for use and may be either minced and extracted immedi 
ately or stored m a freezing ice box Fundus mucosae which had been stored 
at — 13®C for as long as 6 months exhibited no detectable difference from the 
freshly prepared ones with regard to either the handling or to the pepsinogen 
content 

A descnption of the preparation of the copper hydroxide suspension is to be 
found in the section of this paper devoted to Experimental methods The pH of 
the capper hydroxide suspension is a factor of considerable importance It must 
be pH 6 0 ± 0 2 as mdicatcd by brom thymol blue and methyl red Sulfunc aad 
and sodium hydroxide may be used to adjust the pH of the suspension to pH 6 0 
If the pH IS too aad (pH 5 5 or less) activation of pepsinogen takes place and if 
too alkalin e (over pH 6 3) the reaction between the copper suspension and the 
pepsmogen solution does not give the desired results Titration of the pepsmogen 
solution to pH 6 0 ±; 0 2 IS also necessary for the same reasons This titration is 
best carried out with 4 ii pH S 0 acetate buffer so that at no tune is any portion 
of the solution below pH 5 0 

Pepsmogen of 1 0-1 5 mg protem mtrogen per mL concentration is completely 
removed from solution at pH 6 0 when mixed with an equal volume of washed 
copper hydroxide suspension of about molar concentration Most of the soluble 
carbohydrate goes with the pepsmogen and the copper hydroxide 

The phosphate-copper pepsmogen suspension usu^y has an aadity of pH 6 5 
to brom thymol blue After filtration of this suspension and washmg the residue 
as directed, most of the pepsmogen is found m the filtrate along with only small 
amounts of impurities 

Crystalhzaiio?i 

After the second or last copper treatment followed by filtration with 5 per cent 
Filter Cel the pepsmogen is preapitatcd m the foUowmg manner the solution is 
titrated to pH 6 0 with 4 ir pH 5 0 acetate and brought to about 0 4 saturation by 
the addition of 242 gm sohd ammomum sulfate per hter of solution Now with 
slow but constant stimng a volume of saturated ammomum sulfate equal to the 
volume of the 0 4 saturated ammomum sulfate protem solution is added through 
a capillary tube dippmg below the surface of the liquid Instead of filtering, the 
suspension is now stored for 1 or 2 days at 5-10 C After this time the suspension 
IS ^tered with suction on a C S and S No 575 hardened filter paper without the 
aid of any Cehte and the residue is then stirred m 9 volumes of 0 40-0 42 saturated 
ammonium sulfate in ii/iO pH 6 25 phosphate buffer at 10 C The preapitate 
usually dissolves but it is very sensitive to the ammomum sulfate concentration 
In the event it does not dissolve m/10 pH 6 25 phosphate should be added dropwise 
until the precipitate goes mto solution Although pH 6 25 phosphate is used the 
pH of the crystalhzmg mixture is about pH 5 0 as determmed by both the qum 
hydrone and glass electrodes This change is due to the effect of the high concen 
tration of salt If this solution is now stirred slowly but constantly the pepsmogen 
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wiU crystallize out slowly in long, very thin, fiber like needles That crystallization 
has taken place is first apparent from the silkiness or swirl o£ the prcapitatc in the 
pepsinogen solution If there is a preapitate but no swirling when stirred, micro 
scopic exammation wiU probably show either typical amorphous material or large 
spheroids This condition is brought about by either too high a concentration of 
pnyripmnTn sulfate or mcorrect hydrogen ion concentration It mdicates that the 
pepsmogen has come out too fast If no preapitate appears m 12-24 hours either 
or both reasons mav be responsible The ammonium sulfatcconcentration may 
be too low or activation of some pepsinogen may have taken place resultmg m a 
mature of pepsm and pepsmogen from which pepsinogen would not crystallize 

Once aystallization takes place the system is allowed to remain unchanged for 
24-36 hours The crystals may then be filtered off or, if a larger yield is desired, 
the suspension is poured into an evaporating dish, stirred gently, and a stream of 
air passed over die surface Other methods of forcing crystallization have not 
been successful 

Fig 1 is a photograph of pepsmogen crystals The crystals as they first come 
out are very thm or narrow and may be missed even by microscopic examination 
The best identification of their being crystals is the swirl of a stirred suspension- 
At tunes the crystals are so small in diameter that they pass through the filter 
papers at first and then plug the paper so that filtration is very slow Although 
CeUte products help somewhat it still required 6-24 hours to filter a few hundred 
miUihters of suspension Centrifugation has not been more successful 

Recryslalhzalton 

Filter cakes of crystaUine pepsinogen differ so radically m their protein content, 
due to difficulties in filtration, that it is impracticable to outline a definite scheme 
for recrystallization In general the procedure is that used m the ongmal crystal 
lization except that precautions are taken to inactivate any pepsm which may have 
formed Smee activation is autocatalytic the amount of pepsm present must be 
mmimal if crystalhzation of pepsmogen is to take place This is most easily 
accomplished by making the pepsmogen alkalme just before commencing recrystal 
hzation The simplest scheme is to dissolve the crystalline filter cake m the 
minimal amount of cold water, titrate it to pH 8 3 pmk to 0 5 per cent 
phenolphthalem), warm to 40®C for 5-10 minutes cool to 10 C and titrate to 
pH 6 2 (greemsh yellow to brom thymol blue) with 4 m pH 4 65 acetate, and then 
add amounts of saturated aramomum sulfate and m/5 pH 6 25 phosphate to bnng 
the filial concentration of protein to 4-S mg per ml and the ammomum sulfate 
concentration, to 0 40-0 43 saturated If the solution is not dear it should be 
filtered Crystalhzation should proceed as in the ongmal crystallization pro 
cedure If it does not crystallize, preapitate the protein by slowly addmg an 
equal volume of saturated ammomum sulfate and treat as m the scheme for the 
ongmal crystallization 
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Storage 

Pepsinogen may be kept as a 0 7 saturated ammonium sulfate filter cake m a 
dosed container at S-IO^C The writer has also found that no loss of activity 
occurs if a dialyzed solution of pepsinogen is frozen in carbon dioxide snow (“Dry 
Ice”) and then dried tii vacuo below O^C Although it is too soon to speak from 
experience with this protem it is to be expected that as a dry powder it will keep 
better than as a filter cake 


Tests of Punty 

Solubihiy Experiment — ^The solubility is represented graphically 
in Fig 2 



Fig 2 Solubility of pepsmogen in 0 55 saturated ammomum sulfate— Ji/10 
pH 6 8 phosphate at 21°C 

Experimental Procedure 

The solubility experiments were carried out at 21°C after first brmging to 
equdibrium the filter cake of twice crystaUized pepsmogen and the solvent (m/50 
pH 6 8 phosphate — 0 55 saturated ammonium sulfate) This was accomplished 
by stirrmg the cake with a succession of 100 ml ahquots of the solvent until three 
consecutive filtrates were the same with respect to activity and protem nitrogen 
Different amounts of the suspension were then added to a senes of tubes and 
supplementary amounts of solvent were added to each tube to brmg them to the 
same volume 2 25 ml of 0 0444 ii phosphate buffer was then added to each tube 
which brought about solution of the precipitate With rapid stirring 2 75 ml of 
saturated ammomum sulfate was added The suspensions were filtered and 
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aliquots of thft filtrates activated and analyzed for activity by the liemoglobm 
and rennet methods Other aliquots of the filtrates were analyzed for protein 
nitrogen after diluting to contain appro-umatcly 0 (b mg protein nitrogen per ml 
The analysis was carn«i out by adding 1 0 ml of the diluted solution to 10 0 ml 
of boiimg 2 5 per cent tnchioracetic aad and measuring the quantity of preapitate 
formed m a Duboscq type photoelectric colorimeter A solution of copper sulfate 
was used as the standard m the coionmctcr and a reference curve was obtained 
using known quantities of pepsinogen similarly treated 

TABLE m 


Fradtonal Crystallualton of Pepsinogeii 


Matcnal a&alyaad 

ProtUfl 

cuUtcd 
ftom p n 
analy-Ms 

p- 
.O M 

o 

2-3 

Wo 

“■a 

3s. 

optical lotatlon 








Mother Uquor of 1st crysuUltzatioa 

4 


-67 

2 1 

niter cake ‘ ‘ “ 

13 


-5S 


Mother hquor of 2ad crystaUiutioa 

1 





Filter cake * ' 

12 


-66 


Mother Uquor of 3nl crystahizaUont 

4 




Filter cake 

S 





* This figure is the ratio of the optical rotation of a solution (not specific optioJ 
rotation fa]) to the hemoglobin activity per milhiiter of the same solution This 
ratio does not depend upon the nitrogen measurement as do the other two values 
t Analyses of this mother liquor revealed that activation had taken place to a 
high degree This is indicated also m the high fa]© and I? U 

rraclionaUon Expcrt7uent5 — Fractionation of pepsinogen was car« 
ned out by a number of procedures which are summanzed as follows 
A —Three fractional recrystalhzations in which all fractions were 
analyzed for protein nitrogen, hemoglobin activity, and optical rota 
tion These results are to be found in Table ItT 
B -Salt fractionation after partial heat denaturation at pH 7 0 
and 55°C , 60°C , and 65°C 

C —Salt fractionation after partial reversal at pH 7 0 and 55°C , 
60°C , and 65°C of completely (70°C ) denatured pepsinogen 
D — Salt fractionation after partial denaturation at 25®C and pH 
9 1, 9 4, and 9 8 
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jS —Salt fractionatloa after partial reversal at 25'’C and pH 9 5, 
8 5, and 8 3 of completely (pH 10 5) denatured pepsinogen 
Fractions m B, C, D, and E, were analyzed for protein mtrogen 
and hemoglobin activity and the results are given in Table IV These 
experiments are a part of those described in the sections on Reverstble 
heat denatiirakon and Reversible alkah denaturahon 


TABLE TV 

Fractionahon of Pepsinogen 


B 


D 


Conditions or procedures m fractionation 


Soluble in 
ii/l magnesium 
sulfate at 
pH 7 0 


Soluble in 
it/l magnesium^ 
sulfate at 
pH 5 0 


Heat denaturation at 55°C 
« « « (5o°C 

“ “ “ 65“C 

Reversal of heat (TO’C ) denaturation at 65°C 

“ “ eoT 

» “ SS'C 

“ “ SO^C 


« 

tt 

(( 


It 

(s 


u 

a 


Alkah denaturation at pH 9 1 
« « » pH 9 4 

« “ “ pH 9 8 

Reversal of pH 10 5 denaturation at pH 9 5 
« « i< « » » pH 8 5 

“ “ “ “ “ for 15 seconds 

at pH 8 3 


Original 


per cent 

87 0 
46 0 
8 0 
4 5 
40 0 
74 0 
93 0 
78 0 
52 0 
13 0 
44 0 
78 0 
24 0 


'iZ 

Pi 

I 

s to 


0 22 
0 20 
0 21 
0 19 
0 20 
0 21 
0 22 
0 22 
0 20 
0 22 
0 22 
0 27 
0 23 


Properties of Pepsinogen 
Elementary Analyses 

The analyses are given in Table V The high ash content m all 
preparations was mostly sodium and magnesium which remained 
combmed with the protem on the alkaline side of the isoelectric point, 
even on long dialysis 

The percentage suHur is less than that reported by Northrop (5) 
but it IS nearly the same for pepsin and pepsmogen 
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Pepsin from Pepsinogen 

It IS o£ prunary importance that the matenal isolated and called 
pepsmogen yield pepsin upon activation Consequently crystalhne 
pepsinogen was activated and the pepsin thus formed twice crystal 
hzed This matenal was analyzed along with a sample of crystal- 
hne pepsm prepared m the manner desenbed by Northrop (5) from 
commeraal pepsin 


TABLE V 

ncmentary Uialyscs* 


Dialyzed and Dried iti vacuo al 8{PC 


MatcrUU 

c 

s 

N 

Coisas 

Kiel 

dill! 

s 

P 

a 

Ash 


per 

ctiU 

per 

uni 

percdiU 

per uni 

uni 

ptretni 

ptr 

uni 

per 

uni 

2 X cryatallued Cudahy pcp«a 

51 74 

6 54 

14 

76 

13 8 

0 49 

0 

15 


l 17 

2 X cxystaUizcd PaiVe Davis pepsm 


6 58 

14 

83 

U 1 

0 SI 

0 

11 

[tlcq 

1 70 








0 

09t 



2 X crysuilued pepsm from pop 











smogen 

51 61 

6 86 

14 


13 9 

0 42 

0 

09 


1 78 








0 

09t 



Uncrystallucd pepsmogen 


6 88 

IS 

92 

15 1 

0 37 

0 

09 

[jga 

1 72 








0 

0S4t 



Unoystallued pepsmogen 



14 

40 

13 8 


0 

034t 



3 X crystallized pepsmogen 



14 

45 

14 3 






3 X crystallized (Na) pepsmogen 



14 

m 

IclCT 






3 X crystallized No 9 pepsmogen 



13 

59 

13 4 







* Unless othenyise noted the analyses were micro analyses and were made by 
Dr A Eleh of Dr F A Levene's laboiatones 


t The Kjeldahl nitrogen estimations were carried out as previously desenbed 

( 11 ) 

t Carried out by the wnter usmg the method of Sorensen (10) 

Most of the analyses and compansons are to be found m the tables 
to follow under the specific properties The crystalhne form, optical 
rotation, and specific activities of the pepsm prepared from crystallme 
pepsmogen were similar to those properties of crystalhne pepsins from 
commeraal preparations This is, of course, to be expected since the 
commeraal pepsm is swine pepsin and came ongmally from swme pep 
smogen 
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Proteolytic Activity of Pepsinogen 

It was of interest to see if pepsinogen had any proteolytic activity 
Most pepsin activity measurements are carried out under conditions 
which would normally activate pepsinogen rapidly However, two 
methods of estimation, the rennet and gelatm viscosity methods are 
earned out at pH 5 8 and 4 7 respectively At these acidities the 
extent of activation of pepsmogen is not appreciable m the tune 
reqmred for measurement 

TA.BLE VI 
Specific Aclicthes 



Alelhods* 




>■1 !s 


Materials 

3 ft- 

Pn 

W ^ 



IsE 

■ § to 

813 w 
S20 5 

to 

1 

1 

S5 £l 


a St 

S El 

5 X crystallized Parke Davis pepsin 

0 21 

475 

13 

0 50 

3 X crystallized Parke Davis pepsm 9-19-33 

0 22 

410 

18 

0 44 

2 X crystallized Cudahy pepsm 12-7-33 

0 30 

435 

33 

Wm 

3 X crystallized Cudahy pepsm 43-12 

0 26 

470 

33 

IQ 

Crystallme pepsm from crystallme pepsmogen 

0 26 

I 360 

12 

0 48 

3 X crystallized pepsmogen 


<1 

1 <1 


Specific potential activitiest of pepsmogen preparations 


3 X crystallized pepsmogen 

0 20 

275 

17 

0,42 

Average of 10 preparations of pepsmogen 

0 22 

250-300 


0 46 

3 copper treatment but uncrystalhzed pepsmogen 

0 21 

270 

17 


* With the exception of the rennet method the methods were carried out as 
desenbed by Northrop (12) 

T Desenbed in detail m the section devoted to Experimental methods 

X Explamed m the text of this paper 

As seen from Table VI, pepsmogen is practically inactive proteo- 
lytically, as measured by its milk clotting activity and its action on 
gelatm 

Reversible Heal Denaliiration 

In the absence of salt, pepsmogen solutions may be heated to 100 C 
nithout the formation of a visible precipitate Upon coohng the 
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solution and analyzing for pepsinogen it is found that a large propor- 
tion of the pepsinogen is indistinguishable from the pepsinogen 
before heating That heating to VO-IOO^C actually denatures pep 
smogen is indicated by the fact that a salt solution (m/1 magnesium 
sulfate) just sufihaent to precipitate the pepsmogen above 70'’C 
has no preapitatmg effect on the pepsinogen at SO^C , nor upon tlie 
“reversed” pepsmogen Also the soluble denatured protein is not 
converted into pepsin upon aadification Two independent methods 
of estimatmg the extent of denaturation were based on these facts 
and were used in the experiments shown in Fig 3 



Fig 3 Effect o£ temperature on the equilibrium between native and denatured 
pepsmogen at pH 7 0 

Expertmenial Procedure 

Pepnnogm Soltdxon —I mg protcm nitrogen per ml of a dialyzed pepsmogen 
preparation at pH 7 0 

Procedure I — Approaching from the native or "acUvatable” side of the equi 
Ubnum to each of two 30 ml test tubes was added 5 niL. of the pepsmogen solution 
These tubes were kept m a water bath at the desired temperature (50 C , 55®C , 
60 C , 65 C or 70 C ) for 10 mmutes after which the solution m one tube was 
mixed with 5 ml of 2 u magnesium sulfate at the same temperature, while the 
solution in the other tube was mixed with 5 ml of n/ 20 hydrochloric aad also at 
the same temperature The solution containmg the magnesium suUate was fil 
tered and an analysis for nitrogen by the Kjeldahl method was performed on the 
clear filtrate The solution to which had been added the n/ 20 hydrochlonc aad 
was allowed to stand at 35®C for 5 mmutes after which it was diluted and activity 
measurements performed by the hemoglobm method 

JI —In approaching fi-om the denatured or ‘ unactivatable ’ side of the equi 
Ubnum two 5 ml portions of the pepsmogen solution were heated to 70 C for 5 
mmutes foUowcd by coolmg to the desued (50 C , 55 C , 60°C , 65 C ) temperature 
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for 5 minutes after which 1 ahquot was mixed with 5 ml of 2 m magnesium sulfate 
while the other was mixed with n/ 20 hydrochloric acid Both of these reagents 
were kept at the temperature to which the protem solution had been cooled The 
solutions were then analyzed as described in I for the solutions which were heated 
to the temperature for 10 mmutes 


At about 59°C pH 7 0 and with 1 0 mg protem nitrogen per ml 
the denaturation equihbnum of pepsmogen is near the mid-pomt, 
z e , half the protem is denatured and half is native The value of 
A E, the energy of the reaction, taken from van’t Hoff’s equation 


AH 

hxK= + C 
RT 


IS 31,000 calones m the equihbnum shown in Fig 3 

Secondary Heat Change 

Heatmg to lOO'^C gradually converts reversibly denatured pepsmo- 
gen mto an irreversible form This may be seen graphically in Fig 4 



Fig 4 Rate of change of reversibly denatured pepsmogen mto an irreversible 
form at 70°C and 100°C 


where the loganthm of the reversible potential hemoglobin activity 
IS plotted agamst the time It is apparent that whatever the nature 
of the change it follows a first order reaction 
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Experimental Procedure 

Two 15 ml aliquots of a dialyzed pepsmogen solution at pH 7 0 containing 1 0 
mg protein nitrogen per ml v/cre heated at 70®C and 100®C At intervals of 
tunc 2 ml samples were removed, cooled to 35®C for 30 minutes, followed b> 
addition of 2 ml of n/20 hydrochlonc acid After 10 minutes allowed for acUva 
tion the samples were diluted and the activity determined by the hemoglobin 
method 

Reversible Alkali Denaturalton 

Alkali denaturation of pepsmogen is a true equilibrium reaction as 
skovm m Fig 5, by the fact that at any pH between pH 8 5-10 5 
nearly the same amount of native or denatured pepsmogen is ob 
tamed regardless of whether that pH is arnved at by raismg the pH 



Fig 5 Effect of pH on the equdibnum between native and denatured pep- 
smogen at 25®C ^ 


of a native acUvatable pepsmogen solution or by lowering tiie pH 
of a denatured unactivatable solution The entena of alkah de- 
naturation, as m the case of reversible heat denaturation, is the 
insolubility m certain salt solutions m which native pepsinogen is 


' If the loganthm of the ratio of native to denatured pepsmogen is plotted 
against pH, a straight line with a slope of 2 is obtamed This agrees with the as- 
sumption that the equdibnum between native and denatured pepsmogen is ex 
pressed by the following reaction — 

Native Denatured 

Pepsmogen + 2 OH“ ^ Pepsmogen (OHTla 


or 


. (Pepsinogenl 
(Pepsinogen 


2 log (OH“l -h log K 
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soluble and the fact that denatured pepsmogen does not change into 
pepsin upon acidification It may be seen that pH 8 5 is the best 
pH to reverse the alkah denatured pepsmogen 

Experimental Procedure 

Pepsmogen Solution —10 mg protem nitrogen per ml , pH 6 5 dialyzed salt free 

pPl ^Determined by hydrogen electrode on mixtures of pepsinogen and the 
buffer Electrode standardized in this region against Sorensen glycine and borate 
buffers 

Procedure, I — Approaclung from the native side of the equihbnum, two 0 5 
ml ahquots of the pepsmogen solution were added to two 4 5 ml ahquots of m/10 
borate buffer of various pH values After standmg 5 mmutes at 25“C , 5 ml of a 
2 M magnesium sulfate m hydrochlonc acid and 0 4 m pH 4 65 acetate was added 
to one ahquot and 5 ml of n/S hydrochlonc acid was added to the other The - 
hydrochlonc acid m the salt solution was of such a concentration as to just neutral- 
ize the borate buffer The protem salt solution was filtered and the mtrogen 
detemuned m the clear filtrate Activity estimations by the hemoglobm method 
were made on n/5 hydrochlonc aad-protem solution 

H — ^Approachmg from the denatured side, 0 5 ml ahquots were mixed with 
4 5 ml aliquots of m/10 pH 110 borate buffer, the final pH bemg 10 5, were allowed 
to stand 1 mmute at 25°C which was found to be long enough to completely 
denature pepsmogen They were then mixed with 5 ml of hydrochlonc aad of 
just sufficient strength to change the pH to a desired value (pH 9 4 or 8 5) where 
the solutions were allowed to remam for 4 mmutes At this time, one ahquot of 
pepsmogen was mixed with 10 ml 2 M magnesium sulfate in 0 4 M pH 4 65 acetate 
while the other was mixed with 10 ml n/5 hydrochlonc acid These aliquots were 
then analyzed for mtrogen and activity as m J, the difference m dilution being 
considered 

The alkah denaturation of pepsin is almost an irreversible reaction 
when the protein concentration is comparable to that used in the 
pepsmogen experiments A careful study by Steinhardt (4) bnngs 
out that the alkahne mactivation of pepsm is a first order reaction 
the rate of which is a function of the lomzation of five titratable 
groups He has suggested that the ammo groups of cystine m pep- 
sm may be involved This seems unlikely to the wnter who found 
that acetylation of the ammo groups of pepsin had no detectable 
effect on the alkahne mactivation of the acetylated enzyme (13) 

Secondary Alkah Change 

Between pH 8 5 and 10 5 practically complete reversal of denatura- 
tion can be effected if the exposure to the alkah is for a short time 
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As the time of standing increases the extent of the reversal decreases 
Fig 6 shows the results of an experiment m which a solution of pep 
smogen stood at pH 10 S and 25°C for varymg lengths of time after 
which reversal of denatured pepsinogen was allowed to take place 
for 30 minutes and the extent of reversal then deterrmned It may 
be seen from Fig 6 that the denatured pepsinogen slowly changes 
mto an irreversibly denatured form 

Expertmcitial Procedure 

0 5 ml of a dialyzed solution of pepsmogcn at pH 7 0 containing 10 mg protein 
nitrogen per ml iras added to 4 5 ml of u/lO pH 11 0 borate buffer brmgmg the 
pH to 10 5 At intervals of time 1 ml of this solution was added to I ml of 0 075 
N hydrochloric aad which changed the solution to pH 8 5 This was allowed to 



Fig 6 Rate of change of reversibly denatured pepsinogen mto an irreversible 
form at pH 10 5 and 25®C 


TABLE Vn 


Aimno Nitrogen or Per Cent of Total Nitrogen 


M&tcnal 

Foimol titratioa 

Van SlyLe casometnc 

Pepsin Native 

14 

1 4 

Denatured 

1 4 

1 4 

Pepsinogen Native 

44 

3 5 

Denatured 

4 2 

2 5 


stand at 25 C for 15 minutes which is suffiaent to completely reverse the alkalmc 
denaturation After this 2 ml of M/10 hydrochlonc aad was added and 10 
nunutes allowed for complete conversion of pepsmogen into pepsm after which it 
was dduted and the activity estimated by the hemoglobm method 
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Ammo Nttrogen 

Table VII contains the ammo mtrogen analysis of pepsmogen 
with pepsm as a control Apparently the pepsmogen reacts with 
mtrous acid before it becomes activated smce the value by the Van 
Slyke gasometnc mtrous acid method (14) is not more than that by 
the formol titration, the latter method bemg earned out above pH 
7 0 Pepsm contams less ammo nitrogen than pepsmogen This 
difference wiU be discussed m more detail later but it may be said 
here that part of the pepsinogen contaimng a relatively large amount 
of ammo mtrogen is spht off from pepsmogen upon its conversion 
mto pepsm 

Experimental Procedure 

The pepsin was dialyzed 24 hours at I0®C , first on the acid side of the isoelectnc 
point against 0 02 N hydrochloric acid and then titrated to pH 4 5 and dialyzed 
24 hours against Ji/1000 pH 4 65 acetate buffer The pepsinogen was dialyzed 
24 hours at lO^C against ir/1000 pH 6 8 phosphate buffer, then sohd potassium 
sulfate was added to bring the solution to approximately 0 5 it This was then 
dialyzed 24 hours at lO^C against m/ 1000 pH 6 8 phosphate These procedures 
were designed to remove or displace all spht products and a mm onium ion bound 
as the salt of the protem 

The formol titration was earned out by the procedure desenbed by Northrop 
(15) 50-150 mg of protem were used for each titration 

Denaturation was earned out by preapitating 50-150 mg of protem with 5-10 
volumes of the following reagents 2 5 and 10 per cent trichloracetic acid, and by 
0 5 m potassium sulfate The protem was filtered or centnfuged and dissolved 
m dilute aW-ah After solution of the precipitate the titration was earned out as 
usual except the solutions m which too much alkali was used to dissolve the 
precipitate, acid was added to brmg them to pH 7 O 

In the Van Slyke gasometnc procedure (14) the same amount of protem was 
used and denaturation was the same as m the formol titration expenments 
After Tni-nng the protem with the mtrous acid the chamber was shaken for 2 
mmutes, allowed to remain quiet for 23 mmutes, and followed by a final shaking 
of 5 mmutes 

Isoelectric Point 

The isoelectnc point of pepsinogen was determined by cataphoresis 
measurements (16) of pepsinogen coated collodion particles sus- 
pended in ir/10 acetate buffers of vanous pH values By this method 
an isoelectnc point of 3 7 was obtained Reproducible values of 
unactivated pepsmogen were obtamed by working rapidly ivith dilute 
solutions of pepsinogen although activation takes place at this pH 
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The isoelectnc point was also determined by finding the pH at 
which either the minimal amount of alcohol preapitated pepsmogen 
or the maximum precipitate was obtamed with a constant amount of 
alcohol This work had to be earned out at 0°C and as rapidly as 
possible to obtain a reading before appreciable activation took place 
The breadth of the isoelectnc region by these methods is certainly 
between pH 3 6 and 4 3 with 3 9 as the most likely isoelectnc point 
The isoelectnc pomt of pepsin is pH 2 7 (S) 

The pH measurements were made with a qumhydrone electrode 
standardized agamst known solutions of buffers 

Titration Curves 

Complete titration curves of pepsm and pepsmogen might lead to a 
correlation of certam titratable groups with particular properties of 
these proteins Such correlation would be of greatest interest m the 
region of the titration curve from pH 1 0-S 0 where pepsm is catalytic 
ally active and pepsmogen is mactive In this range, however, the 
titration curves could not be obtained with the degree of precision 
necessary for such a correlation 

On the other hand, the titration curves of these two protems could 
be detennmed at pH more alkahne than pH 4 0 and the differences 
noted correlated with certam properties, namely the stabihty of 
instabihty at given alkalmities In Fig 7 are the curves showmg the 
amount of alkah combined per gram of protem 

Experimental Procedure 

Solutions 

Pepsin — 2 tunes crystallized dialyzed agamst u/1000 pH 4 65 acetate buffer 
and against 0 02 u hydrocldonc acid followed by just enough alltali to dissolve. 
7 Stng total nitrogen per inL,0 4nig non protem nitrogen per ml ,[P Ulng^pur “ 
0 25 

Pepsinogen —Dialyzed, brought to 0 5 u with sohd potassium sulfate and 
dialyzed 24 hours to remove this salt and any ammomum ion 6 3 mg total 
mtrogen per ml , 0 0 mg non protein nitrogen per ml 

Procedures —50 ml of the pepsm plus 1 li of 5 0 N sodium chlonde were 
mtroduced into the titratmg chamber at 25 C and the titration earned out with 
SON sodium hydroxide led mto the solution from the capillary outlet of a micro- 
burette The capillary tubmg extended below the surface of the solution 

SO ml of the pepsmogen solution plus I ml of 5 0 N sodium chlonde were cooled 
to 10 C and mixed rapidly with 0 13 mb of 5 0 N hydrochloric acid This was 
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done to obtain the miniraum activation and yet the lowest pH on the activation 
curve Less than 5 per cent activation occurred The pepsinogen solution was 
then warmed to 25°C and poured into the titratuig chamber and titrated with the 
same technique and alkali as was the pepsin The electrodes were checked against 
m/10 pH 4 65 acetate buffer and read 0 515 volt The solutions were made M/10 
with respect to sodium chlonde m order to raise the conductivity of the dialyzed 
protem solutions as well as to have the variation in ionic strength minimized during 
the experiment 

Apparatus — The writer has found it convenient to run the titrations m an 
enlarged modified Clark rocking hydrogen electrode chamber The chamber of 
125 ml capacity accommodates 50 ml of solution nicely The hydrogen passes 
over the solution and saturates it as it rocks without any appreciable foammg 
The platmized electrode is m and out of the solution as the angle of the chamber 
changes A fresh saturated potassium chlonde contact is made through a three- 
way stop-cock stuffed with cotton to minimize diffusion The arrangement is 
such that the saturated potassium chloride m the stop-cock is washed out in be- 
tween each readmg and replaced with fresh saturated potassium chloride 

Water Correction or Blank — The correction for the quantity of alkali necessary 
to bnng an equal volume of water to the various pH was experimentally determined 
with an equal volume of m/10 sodium chloride using the same alkali, apparatus, 
and technique as in the protein titrations This avoids errors due to factors such 
as carbonate m the alkah, etc 

The pepsinogen titration curve II was started at the lowest pH at 
which reproducible values of pepsinogen could be obtained before 
activation proceeded to an appreciable extent In the time required 
for the measurements of pepsmogen m the region of pH 4 4 there was 
less than 5 per cent activation Curve I was started at the most acid 
pH at which the pepsm solution could be titrated without the protein 
precipitatmg from solution Since the pH at which the titrations 
were started are not the isoelectnc points of the two proteins 
curves I and II of Fig 7 are not titration curves m the ordmary sense 
of the term However, they do serve to show differences in the 
amount of alkah bound to the two proteins at various pH which in 
turn may be mterpreted as meaning that there are more groups 
bemg titrated at a given pH m one protein than m the other 

Curve III IS curve I plotted so that the value at pH 6 0 is the same 
as the pH 6 0 value of curve H By so arranging them one can visu- 
ally compare the slopes of the two curves at any pH 

It may be seen from curves II and III of Fig 7 that between 
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pH 6 0 and pH 9 0 pepsin (curve HI) binds 0 3 more miUunols of 
alkab per gram of protem than does pepsinogen (curve II) In this 
region of alhahnity pepsinogen is unchanged, remains native, 
whereas pepsin is irreversibly denatured Beyond pH 9 0 the pep- 
smogen curve rises sharply and approaches the pepsin curve at pH 
12 0, indicatmg that pepsinogen has more groups titratmg beyond 
pH 9 0 than does pepsm Pepsmogen is also denatured by alkali 
but only beyond pH 9 0 This denaturation is, however, largely 
reversible (see section on Reversible alkaline denaturation) As 
may be seen m Fig 7, curves H and HI converge almost to a com 



Fig 7 Titratien curves of pepsm and pepsmogen 

mon pomt at pH 12 0 This means that the number of groups m 
pepsm and pepsinogen titratmg between pH 6 0 and pH 12 0 is prac- 
tically the same 

Molecular Weight 

There must be a difference m the molecular weights of pepsmogen 
and pepsm and the former must be the larger for, as will be explained 
more fully in a later section of this paper, conversion of pepsmogen 
into the active enzyme results m two substances — pepsm and a frag- 
ment the mtrogen of which is 15-20 per cent of the pepsmogen 
mtrogen 
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Experimental Procedure 

The protein solutions plus the amount ot ammomum suliate to bring them to 
the desired concentration irere placed m coUodion bags and coimected to mercury 
filled manometers A marble inside the membrane insured constant stirnng 
The membranes n ere surrounded by 400-500 ml of the correspondmg salt solution 
and the umts rocked sloi\l 3 m a thermostaticall 3 ’’ controlled room at lO'C Each 
figure m Table \TII is the result of at least three readmgs taken at 12-24 hour mter- 
vals after the equihbnum was established The protem estimation was made b 3 
Kjeldahl mtrogen determinations The factor 7 0 was used to com ert nitrogen 
anal 3 aes mto amount of protem 


TABLE Vm 


Ma^Uidar TT'kig / 1 by Osthoiic Press ire at lO^C in Tzco Conc<.i’iraiioiis of An man am 

S'tifa'i, SolM^oi, 


ilatenal 

S-alt CQHcentn 

OsnoUc prtisars 

1 

ProttJ!/at 


t*aa 




3s 



Pepsm 

0 15 

22 

4S 

39,000 


0 15 

23 

4S 

37,000 


0 15 i 

26 

47 i 

32,000 

1 

0 30 

20 

46 

41,000 


0 30 

22 i 

1 

52 i 

1 

42.000 

38.000 = 3,000 

Pepsinogen 

0 15 

15 

36 

42,300 


0 15 

17 

36 

37,500 


0 15 

16 

34 

37,500 


j 0 30 

17 

45 

47,000 


I 0 30 

19 

45 

42,500 


! 0 30 

19 

4S 

45.000 

42.000 = 3,000 


The figures in Table ^TH reveal that the molecular weights calcu- 
lated from osmotic pressure measurements bear out the above conclu- 
sion The precision of the osmoac pressure measurements is such 
that one cannot be certain about the actual difierence m the molec- 
ular weights However, the difierence is m the nght direction and or 
the nght order of magmtude 

Tyos ne-TryptopI ane Content 

In M'ew of the water's pre\T0U3 work (13, 17, lS)ontherelationship 
of tjTosine of pepsin to its enz>Tnatic activin* it seemed worth while 
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to see if the tyrosine of pepsinogen differed m content or reactivity 
from that in pepsin When an estimation of the content was made 
wth Fohn’s phenol reagent and the color allowed to develop at pH 8 0 
there was a deaded difference m the values of pepsm and of pepsmo 
gen, as sho^vn in Table IX It has been pomted out by Mirsky and 
Anson (19) that the tyrosme phenol groups of denatured proteins 
react more readily with reducmg agents than when the protein is 
native In view of the fact that pepsmogen is native at pH 8 0 
whereas pepsin is denatured, it was 'necessary to determine whether 
the difference in the amounts of these amino acids was due to a differ- 
ence m the reactivity of the tyrosme, or to the fact that the conditions 
were not comparable, i e , the proteins were not both native or both 
denatured while bemg measured 

Experimental Procedure 
Conditions for Color Development 

pU 8 0 — ^The solutions, reagents, concentrauons, etc , arc similar to those 
previously described (17) One difference exists, namely that the 5 ml of alkali 
phosphate solution vras mixed with the 3 ml of Folm s phenol reagent before they 
were added to the protem solution If the aad phenol reagent were added to the 
protem solution b^ore the alkaline solution was added acUvation might have 
occurred in the case of pepsmogen On the other hand, if the alkahne solution 
were added first it would have denatured the pepsmogen By mixing them 
together and then mtroducmg them mto the protem solution the pH never got 
above or below pH 8 0 ±02 The mixmg must be rapid and even then occa 
sionally a precipitate developed m the phenol reagent alkaline phosphate mixture 
When tlus occurred the sample was discarded for only clear solutions should be 
compared m a colorimeter 

pH 11 0-12 0 — ^To 19 ml of a solution contauung 1 S-2 0 mg of protem was 
added 3 mL of a one to three dilution of Folm’s phenol reagent, followed by 3 ml 
of I 25 N sodium hydroxide solution The solution at room temperature was 
read after 5 rmnutes against a similarly treated 0 15 mg of tyrosme 

The results of the experiments on this point are given m Table IX 
When the color reagent was applied m strong alkah, t e pH 110- 
12 0 or at pH 8 0 and 70°C , where pepsmogen is denatured, the values 
of pepsm and pepsmogen were nearly the same, showing that there 
is not an appreciable difference m the amount of the color givmg 
ammo aads present m the proteins but that the native and de 
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natured forms of pepsmogen behave differently in their action with 
the phenol reagent It has not been found possible to determine the 
reactivity of tyrosine m native pepsin and a comparison of the na- 
tive proteins is therefore impossible from this point of view 

Opkcal Rotahon 

From the figures m Table X it appears that pepsmogen has a lower 
specific optical rotation than does pepsin It also shows that crystal- 


TABLE rx 

Tyrosine-Tryptophane Color Value {Expressed as Per Cent Tyrosine) 


Conditions for color development 

Pepsm 

1 

Pepsmogen (1) 

Pepsmogen (2) 

pH 

1 

Temperature 

8 0 

‘C 

35 

5 0 

3 2 

3 2 

8 0 

70 

5 6 

5 1 

5 5 

11 0-12 0 

25 

9 3 

8 8* 

8 6* 


* The explanation for the difference between these values and those at pH 8 0 
has already been discussed (17) 


TABLE X 


Specific Optical Rotation of Crystalline Pepsins and Pepsinogens 


Matcnal 

r ,D25*’C 

dry weiS“t 

CrystaUine Parke Davis pepsin 

-72 

Crystalline Cudahy pepsin 

-71 

CrystaUine pepsin from pepsmogen 

—72 

Uncrystallized pepsinogen 

—61 

3 times crystallized pepsmogen 

—62 


hne pepsm from pepsmogen has the same optical rotation as crys- 
talline pepsin prepared from the commercial products by the methods 
previously outhned (5) 

Carbohydrate 

The carbohydrate present in purified pepsin and pepsinogen prepa- 
rations IS less than 0 1 per cent which is less than 0 2 mol of hexose 
per mol of protem It is therefore not to be considered as an intnnsic 
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part of the protein molecule The methods used were essentially 
those of Sffrensen and Haugaard (20) and of Elson and Morgan (21) 
the modification of the former bemg described under Experimental 
methods 


Ultraviolet Absorption Spectrum 

Although the plotted curves of the ultraviolet absorption spectra 
of pepsin and pepsinogen are mdistmguishabie, nevertheless a con- 
sistent difference exists which may be recogmzed on the plates One 
of the tyrosme bands m pepsmogen is different from that of pepsin 
The wnter is indebted to Dr George I Lavm for these measurements 

Serology 

A detailed account of this subject has been given by S^astone and 
Hernott (3) 

Conversion of Pepsmogen into Pepsin 

When solut -s of pepsmogen ate made more acid than pH 6 0 
the protem is converted into pepsin This conversion has been 
studied from two different angles 

Kinetits of Conversion — ^As stated m the prehmmary report (22), 
the conversion of pepsmogen into pepsm is an autocatalytic reaction 
at pH 4 6 Fig 8 shows graphically the analyses of a conversion 
experiment in which the activity was determmed directly by the gela- 
tm viscosity method [IJ U ]®'> '' and mdirectly by the hemoglobin 
method [P U P*’ The hemoglobin method as earned out measures 
the pepsmogen from which pepsm value is obtamed by difference 
It may be seen from Fig 8 that the values by both metliods fall 
reasonably close to the theoretical curve calculated from the average 
value of JC usmg the simple autocatalytic formula 

- KA(A - A) 

at 


which after integration gives 
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This equation also descnbes the conversion of trypsmogen into tryp- 
sin (23) A is the activity at time A e is the final or equihbrium 
activity, and is the mitial value of A or activity at zero tune 

Expemnental Procedure 

To 35 ml of a dialyzed solution of 3 times crystallized pepsinogen at pH 7 0 
contammg 1 4 mg protein nitrogen per ml , was added 13 0 ml of m/1 pH 4 5 
acetate buffer The entire system was kept at 25°C 

Honoglobin Acltmly — 0 S ml ahquots of the activation mixture were added to 
0 5 ml of saturated (0 3 n) borax making the solution pH 8 0 This mactivates 
the pepsin present After 5 minutes these solutions were acidified to pH 1 0-2 0 
where they were allowed to activate completely for 10 minutes Activity was then 
determined in the usual way by the hemoglobin method 



Activation time (hourj) 


Fig 8 Conversion of 1 0 mg pepsmogen nitrogen per ml into pepsm at pH 4 6 
and 25°C 

Gelatin Activity — The gelatin activity was determined directly on aliquots of 
the activation mixture by measuring the change in viscosity of an isoelectnc 
(pH 4 7) gelatin solution as described by Northrop (12) 

The autocatalytic constant K for the experiment in Fig 8 in hemo- 
globin activity units is30±01,«e when 1 0 mg of pepsinogen 
nitrogen per ml is activated at pH 4 6 at 25°C with a unit time as 
1 hour and A expressed in hemoglobin activity umts the fractional 
increase in ^ is 3 0 tunes per hour 

The conversion reaction rate vanes enormously with pH It is 
hardly perceptible at pH 6 0 while at pH 4 0 it is relatively rapid, 

^ e , 1 mg protein nitrogen per ml at 25°C activates in about 30 
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minutes Near pH 1 0 where the rate isatamaxrmumitisof theorder 
of 100 tunes the rate at pH 4 0 In solutions more acid than pH 4 0 
the lunetics of activation appear to be not the simple autocatalytic 
reaction noted between pH 4 5-5 0 though it can be demonstrated 
that it IS at least partially autocatalytic as far acid as pH 0 0 This 
IS shown by an mcrease m conversion rate by the addition of pepsin 
Activation rates are greatly increased by the presence of salts 
Kumtz and Northrop noted a similar increase by salt m the activation 
of trypsinogen (S) The increase m the rate of conversion of pepsino 
gen by salt seems to be a function of charge or valency of the ions of 
the salt as well as the concentration of the salt. A shift m pH by 
the salt evplams part of the mcreased rate of activation but there is 
still a defimte effect which appears to be related to the presence of 
the salt at least m the case of magnesium sulfate at pH 4 0 
Chemistry of Conversion — When pepsmogen is changed mto pepsin 
there is a concomitant production of non protem nitrogen (mtrogen 
not precipitable by 2 5 per cent tnchloracetic aad) to the extent 
of 15-20 per cent of the pepsmogen mtrogen This is shown clearlj 
m Fig 9 Although the conversion was earned out under a number 
of different conditions of pH and temperature of which only two are 
shown the pomts all fall close to the same Ime m Fig 9 That the 
hne IS straight m such a differential plot as A m Fig 9 for two differ 
ent sets of conditions and that the mcrease m non protein mtrogen 
stops at the same time that the mcrease m activity stops, as shown 
m B of Fig 9, seems to e,xctude the possibihty of this phenomenon 
bemg a comcidental digestion of a small amount of protem impunty 
It cannot be supposed that the mcrease m non protem mtrogen is 
the complete digestion of part of the pepsmogen protein by pepsin 
smee, as is shown m Table XI, the same amount of non protem 
mtrogen is produced from a given amount of pepsmogen even though 
three times the quantity of pepsm is added at the start 

Experimental Procedure 

pH 2 0 Experiment —To 15 0 ml of dialyzed pepsmogen at pH 6 8 contammg 
5 5 mg protem mtrogen per ml cooled to 0 C was added 14 0 ml N/10 hydro- 
chloric aad and 11 0 ml water both of which had been cooled At defimte 
mtervals of time 4 ml ahquots of this solution were added to 1 0 ml of 0 3 K 
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borax bringing the pH to 8 5 After standing 5 minutes at room temperature 
2 0 ml aliquots of this alkalme solution were added to 10 0 ml of boilmg 2 5 
per cent trichloracetic acid, cooled, filtered, and the nitrogen determined m the 
filtrate The values in Fig 9 were corrected to the original conditions of the 
reaction mixture Another aliquot of the alkalme solution was added to hydro- 
chloric acid of such concentration to bring the pH to 10-2 0 as indicated by 
thymol blue Complete activation occurred within 5 mmutes at room tempera- 
ture Activities were determined by the hemoglobin method The value for 
100 per cent activation was obtained by allowing an ahquot of the activation 
mixture to activate for 10 minutes at room temperature without going through 
the alkaline borax treatment 

pn 4 7 Experiment — ^To 15 0 ml of the same dialyzed pepsinogen solution was 
added 2 25 ml of n/ 10 hydrochloric aad and 22 75 ml of m/ 10 pH 4 65 acetate 
buffer The solution was placed at 35 5°C and at definite intervals of time 4 0 


» -Aclwation at pH 10 aad O’ C 
o ‘Actuiaiion. at pH 4 7a>id 35 C 



1 


“0 Ot 02 03 04 05 

Iticreaso In non protein nitrogen per 
ml o£ activation mixture 


100 

80 

60, 

40[f 


20F 

0 , 


“ ■ [PUj^^uhtn actwiting at pH 2 
and 0 C 

0 - ^NPN when actluaUng at pH2 
aad 0 C 




B 


I I 1 11 I I M M I M M I I I 


0 2 4 6 8 10 50 100 

Time of acUvation (niinutes) 


Fig 9 Increase in non-protem nitrogen durmg activation at pH 2 0 and 4 7 
A Increase in non-protein mtrogen with increased activation B Rate of in- 
crease in non-protein nitrogen and hemoglobin activity 


ml aliquots were removed and treated m an identical manner as m the above 
pH 2 0 experiment 

Expenniental Procedure 

Protein Solutions 

A —Dialyzed 2 times crystalhzed Cudahy pepsm, pH 3 5 , 10 mg protein mtro- 
gen per ml 

B —Dialyzed 3 times crystalhzed pepsinogen, pH 7 0, 3 5 mg protein mtro- 
gen per ml 

First section of Table IX SOmlA+SOmlB 

Second ” ” ” ” 50ml B + SOml m/ 10 pH 4 0 acetate buffer 

Third ” ” ” ” 5 0 ml 4 -b 5 0 ml m/10 pH 4 3 

The final pH was practicaUy 4 3 m all three sections The solutions were kep 
at 35 5°C and 2 ml samples were added to 1 ml of 0 3 N borax, bringing the pn 
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to 8 5 where it remamed 5 minutes 2 S ml of these alkahnc solutions was 
then preapitated witli 10 ml of boilmg 10 per cent tnchloraceUc acid and the 
filtrate analyzed for mtrogen The remammg 0 5 ml of alkahne mixture was 
activated with n/ 10 hydrochloric acid and analyzed by the hemoglobin method 
The alkalme borax instantly inactivates the pepsin formed Subsequent active 
tion and analysis is a measure of the pepsinogen in the original activation sample 

Ammo mtrogen analyses by the Van Slyke method show that upon 
conversion of pepsinogen to pepsin there is a total increase m ammo 
nitrogen of not more than 0 3 per cent of the protein or 2 0 per cent 
of the total mtrogen which is eqmvalent to mne ammo groups per 

TABLE XI 


L^cct of Added Pepsin on the Increase tn Hon Protein Nitrogen during the IctiTation 
of Pepsinogen 


MatetUls 

AcU%«tua UII 16 

1 Extent o[ 

' actlvtiioo 

locxease b aon 
, proteb aitn^en 


mis. 

1 per (eal 

, SI /2 aU twlun 
BtiHur$ 

PepsiD plus pepsinoseD pH 4 3 

0 33 

37 

0 11 


0 67 

47 

0 25 


1 00 

61 

0 21 


3 00 

86 

0 39 


420 00 


0 63 

Pepsmogen pH 4 3 

2 00 i 

35 

0 18 


6 00 1 

53 

0 32 


15 00 

84 

0 41 


45 00 

97 1 

0 61 


420 00 

— 1 

0 52 

Pepsin 

420 00 


0 00 


molecule of protem It is not known with certainty that the rup- 
ture of all mne of the linkages from which the ammo groups were 
derived are mvolved or are necessary m the conversion 
Part, if not all, of the 15-20 per cent of the non protem mtrogen 
after being produced as a result of conversion of pepsmogen mto 
pepsm combines with pepsm between pH 5 0-6 0 to form a dissoaable 
inhibitor pepsin complex That it inhibits pepsm is readdy demon 
strated by the rennet method which is earned out at pH 5 8 The 
inhibitor pepsm complex dissociates upon ddution and upon aadifica- 
tion It does not combme with pepsm m aad solution so that it 
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does not affect the hemoglobin activity measurement but does elimi- 
nate the rennet method under certam conditions 

Experimental Methods 

Preparation of Copper Hydroxide Suspension — 2,500 gm of Merck’s tedinical 
powdered copper sulfate is dissolved m 20 liters of tap water in a 50 liter battery 
jar Into this solution, which is stirred mechanically, is run a solution made by 
mixin g 800 ml of saturated (19 0 n) u s p sodium hydroxide and 15-20 hters of 
water The suspension is thoroughly stirred and the precipitate then allowed to 
settle for 12-24 hours after which time the supernatant hquor is decanted away 
The jar is agam filled with tap water, stirred, the precipitate agam allowed to 
settle, and the supernatant hquor discarded The preapitate is now stirred up 
with 40 hters of distilled water and allowed to settle After decantmg off the 
clear water this preapitate is referred to as washed copper hydroxide After the 
last decantation the precipitate is usually the correct concentration for use Its 
exact concentration may readily be determmed by treatmg an ahquot with enough 
sulfunc aad to dissolve it and comparmg the resultmg solution m a colorimeter 
with a solution of copper sulfate of known concentration Several such analyses 
have shown the washed copper hydroxide to be about 1 molar m concentration 
Activity Measurements 

A Estimation of Pepsin — ^The solution is diluted and the activity detenmned 
as mdicated below 

B Estimation of Pepsinogen or Pepsinogen Plus Pepsin — Acidify to pH 1 0- 
2 0, leave for 5 mmutes at room temperature, dilute, and detennme peptic 
activity 

C Estimation of Pepsinogen Only in the Presence of Pepsin — ^Titrate or bring 
to pH 8 5 and leave for 5-10 minutes, acidify to pH 1 0-2 0 for 5 minutes at room 
temperature, dilute, and detennme peptic activity 

D Estimation of Pepsin Only in the Presence of Pepsinogen — This can be ear- 
ned out by measunng the peptic activity directly by the reimet method or by the 
difference in the hemoglobm activity of two ahquots treated as m 5 and C 
Hemoglobin — This is the method of Anson and hlirsky (24) 

Rennet — ^The wnter has combmed several of the desirable features of the 
rennet methods of this and other laboratones mto the foUowmg simple, rapid, 
and easily reproduable method 

“Khm” Solution —20 gm of Rlim are worked mto a paste m a mortar with 
water, poured mto a 100 ml graduate, and 10 ml of m/1 pH 5 0 acetate buffer is 
added, finally dilutmg the suspension to 100 ml w ith water This solution should 
be kept m the ice box when not m use and for precise work it should not be used 
after 5 days from the tune it is made up A control tube should not clot m 24 

hours at 35°C ^ 

Procedure —5 0 ml of the above Khm solution is brought to 35 5 C m a water 
bath and 0 5 ml of the pepsm solution diluted m m/10 pH S 0 acetate is added 
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The pipette should be held about 1 inch above the Khm solution and the last 
drop blo^vn out of the pipette The test tube containing the digestion mixture is 
now twirled once or twee to mix the solutions and to wash doivn any enzyme 
solution which may be on the side of the tube A stop-watch is started as the 
engine is added The tube is now left m the bath until a minute or two before 
It should clot and then the tube is tipped and slowly rotated so that the worker 
can examme a thm film of the solubon which thickens and coagulates m small 
parbcles just before clotting The end point is arbitrary and therefore depends 
upon the worker However, the vanation in the end pomt detenmned by two 
workers is not great The wnter has chosen the first definite recognizable change 
in the film of milk as the end point The stop-watch is, of course, stopped at the 
end pomt Constant bpping or rotatmg of the tube bos practically no effect on 
the clottmg time 

Enzyme Solultotu — 0 5 or 1 0 ml of a solution of crystalhne pepsm containing 
0 003-0 0001 mg rntrogen per ml when added to 5 or 10 ml of a 20 per cent 
Khm solubon at 35 5 C will clot it m 1-30 mmutes Over this range the tune 
of dotting IS inversely proportional to the pepsm concentration and docs not vary 
with the tune of standing m the acetate buffer In activation mixtures of pep- 
sinogen on the other hand, the ratio of dilubon to dotting tune is not constant 
as with crystallme pepsm but maeascs with dilution At any given dilution the 
activity also decreases with tune of standmg m the acetate buffer This latter 
effect IS more striking when the acbvaUon mixture is diluted m u/10 pH 5 6 
acetate instead of the u/lO pH 5 0 buffer This and other evidence indicates 
the presence of inhibiting material which, although dissoaated m aad thus not 
affectmg the hemoglobm method combines with pepsm at pH 5 0-fi 0 and re 
duces Its rennet action The inhibiting material ma> be separated from pepsm 
and on mixing with punfied pepsm wdl give effects similar to those noted for 
activation mixtures CrystaUization of pepsm from an acbvation mixture leaves 
the inhibitmg material m the mother liquor It has recently been found that 
replacement of m/10 pH 5 0 acetate buffer by M/1 pH 5 0 acetate as the solvent 
for the Khm solution wiU greatly dunmisb these inhibitor effects, also that the 
activation mixture should he diluted m water and the ahquot added to the Rlim 
solution immediately 

Rennet Activity Units (F U p*” — ^The wnter has, for convenience, arbitrarily 
defined 1 rennet unit as the amount of enzyme which under the atov e defined 
conditions will clot 1 1 ml of the enzyme Klim mixture m 1 minute This rennet 
unit is not to be confused with the previously desenbed one (12) The rennet 
acbvity of any solution is ohtamed then by dividmg the dilution by the tune m 
mmutes required to clot the Khm Thus, if 1 0 ml of an enzyme solution was 
diluted to 500 mk and 1 0 ml was added to 10 0 ml of the 20 per cent Khm or 
0 5 mk to 5 0 with a clottmg tune of 5 mmutes the original solubon would con 
tarn 500/5 or 100 [P U The rennet activity per milhgram of protein mtro- 
gen [P U for a number of different swme pepsm preparations is given in 

Table IV 
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Carbohydrate Eshmahon —The method of estimating carbohydrate used m these 
experiments was a modification of the S^rensen-Haugaard method (20) It is 
simple and rapid though not so precise or specific as the S^rensen-Haugaard 
scheme The recent adaptation of their method by Heidelberger and Kendall 
(25) probably gives shghtly more precise results than the writer’s method which 
IS as follows 

1 0 ml of a solution of carbohydrate which will yield a color comparable to 
0 1 mg of glucose is introduced mto a 50 ml Erlenmeyer flask along with 15 ml 
of 21 5 N sulfuric acid and 2 0 ml of a 2 per cent solution of orcinol in 7 5 n sul- 
furic acid The flask is placed m a stirred water bath at 80°C ±10° for 30 rmn- 
utes after which it is cooled m cold water and read m an ordinary colorimeter 
against a similarly treated standard 0 1 mg of glucose or against a solution of 
pepsinogen which had previously been standardized in terms of glucose A 
green glass over the eye piece of the colorimeter aids in balancing the solutions 
The color is stable for several hours and the writer has run a dozen or more sam- 
ples at one time with ease and reproducibihty 

Nitrogen Estimations — The techmque of runnmg the Kjeldahls was that previ- 
ously reported (11) 

Protein mtrogens in the presence of appreciable amounts of ammomum sulfate 
were made by precipitatmg the protem from an ahquot with 5-10 volumes of 
boding 5 or 10 per cent trichloracetic acid, coohng and filtenng the precipitate, 
and washing it on the funnel with cold 2 5 per cent trichloracetic acid untd the 
washmgs were free of ammomum ion as mdicated by a negative Nessler test The 
precipitate was then washed mto a Kjeldahl flask and the mtrogen estimated 
as usual With crude solutions of pepsmogen or m the presence of appreciable 
quantities of gastric mucin the protem nitrogens were very erratic due to incom- 
plete precipitation or the solubihty of the denatured material 

pH Estimation — ^For the most part the pH determmations were colonmetnc 
usmg the indicators recommended by Clark and Lubs (26) In certam cases 
hydrogen quinhydrone and glass electrodes were used but those cases are mdicated 
m the procedures of the mdividual experiments The values obtamed by the use 
of indicators are the pH values of molar tenth buffers which give the same color 


SUMMARY 

1 A method is descnbed for the preparation of pepsmogen from 
swine gastric mucosae which consists of extraction and fractional 
precipitation with ammonium sulfate solutions followed by two pre- 
cipitations with a copper hydroxide reagent under particular condi- 
tions Crystallization as very thm needles takes place at 10 C , 
pH 5 0 and from 0 4 saturated ammonium sulfate solution contam- 
mg 3-5 mg protem mtrogen per milhhter 
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2 Solubility measurements, fractional recrystalbzation, and frac 
tionation experiments based on separation after partial heat or alkah 
denaturation and after partial reversal of heat or alkah dcnaturation 
faded to reveal the presence of any protem impunty 

3 The properties of the enzymatically mactive pepsinogen were 
studied and compared with the properties of cr> stalhne pepsin The 
properties of pepsmogen which are similar to those of pepsin are 
molecular weight, absorption spectrum, tyrosine tryptophane con- 
tent, and elementary analysis The properties m which they differ 
are enzymatic activity, crystalhne form, ammo mtrogen, titration 
curve, pH stabihty range, specific optical rotation, isoelectric point, 
and the reversibdity of heat or alkali denaturation 

4 Conversion of pepsmogen mto pepsm at pH 4 6 was found to 
he autocatalytic, t e , the pepsm formed catalyzes the reaction Con 
version of pepsmogen mto pepsm is accompamed by the sphttmg off 
of a portion of the molecule containmg 15-20 per cent of the pep- 
smogen mtrogen 
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CALCULATIONS OF BIOELECTRIC POTENTIALS 
U The Concenieation Potential oe K.C1 in Nitella 

Bv g E HILL AND w I V OSTERHOUT 
{From llie Laboraloria 0 / The Rockefeller ItuhMe for Medical Research) 

(Accepted for publication, August 11, 1937) 

In earlier studies* the electrical behavior of Nitella conformed to the 
equations of Nernst and of Henderson but recently, m a different set of 
cells,* we have found some apparent exceptions 
These exceptions are illustrated in Fig 1 The theoretical curve 
shows the approximate change m p d which KCl would produce if 
the values were due entirely to diffusion potential in the protoplasmic 
surface* and the mobihty of K.+ greatly exceeded that of Cl~ The 
values were calculated from the equation 

Ciumseof M =. 58 ^ - - ~ log ^ 
u ’T y c$ 

where U and V axe the mobilities of K.+ and Cl"* respectively, Ci and 
Ca are the concentrations/ and V is taken as zero All these values 
relate to the non aqueous surface layer of the protoplasm 
It IS evident that the slopesof the observed curvesdo not surpass that 
of the theoretical curve except at certain concentrations Thus when 
0 001 ii KCl IS substituted for 0 000316 ii the curve rises abruptly so 
that Its slope exceeds the theoretical 

^Osterbout,W J V,J Gm P/iyno^ 1929-30, 13, 7lS 
*The earlier cells (which came from a different locality and will be called 
Lot A to distinguish them from the present cells v^hich will be called Lot B) 
showed a lower concentration effect of NaCl and much less inhibitory effect of 
calaum on the production of negativity by KCl This will be discussed else 
where 

* It IS assumed that the concentration of KCl m the protoplasmic surface is 
directly proportional to that m the external solution 

* Concentrations are employed for convenience m place of activities If this 
^\ere not done the straight line would become somewhat curved 
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The reason for this abrupt rise is evident when we examine the 
photographic record shown in Fig 2 

The observations were made on N ttella Jlexilts, Ag and were recorded photo- 
graphically 

Short period recording devices require for their operation either high voltage, 



Fig 1 Effects of KCl on pd The broken straight Ime approximates the 
theoretical slope of the curve showing change of diffusion potential when the 
concentration of KCl m contact with Nttella mcreases and the mobility of K"*" 
greatly exceeds that of Cl“, partition coefficients being constant The scale of 
abscissae is logarithmic each step is made by multiplymg by 3 16 ( = 10*’'^) 

The curve with crosses shows measurements on a single cell as the concentration 
of KCl mcreases (arrows pomtmg upward) The curve with open circles (dotted 
Ime) shows measurements on the same cell as the concentration of KCl decreases 
(arrows pomtmg downward) The lowest curve shows the average of five cells as 
the concentration of KCl decreases (see p 556) 

The slopes of the curves do not exceed the theoretical except m the curve with 
crosses where 0 000316 M KCl is replaced by 0 001 ii KCl At this pomt the 
change in p d occurs m two steps as indicated by the broken hne The first step 
does not exceed the theoretical, the second is larger and is due to an action current 
which permanently raises the level of the curve (see Fig 2) 

Temperature 20-2 1°C 
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large current, or both Nitclla can furnish neither A vacuum tube amplifier is 
therefore necessary 

The string galvanometer has adequate speed for Ntlclla and is used because of 
Its simplicity Tungsten wire replaces the quartz string, as a single tube amplifier 
IS adequate and string breakage is eliminated (The same amplifier may be used 
with a quartz string galvanometer by using a 20,000 ohm string shunt Greater 
sensitivity and quicker period will result ) 

The amplifier shown in Fig 4 is designed for a galvanometer vith tungsten 
wire in place of quartz fibre, and is grounded at B, the galvanometer w ire being 
90 volts above ground The amplifier grounded at B should not be used vith 
a quartz string unless the frame of the galvanometer is connected to the end 
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,1 ) t 1 1 1 U 


Y- 

W- 

X-2Z 
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Fig 3 Diagram to show the arrangement of leads and the supposed structure 
of the protoplasm which is assumed to consist of an aqueous layer IF, an outer 
non-aqueous layer X, and an inner non-aqueous layer Y 

The arrows show' the outwardly directed (positive) p d whose seat is supposed 
to be chiefly at Y when the cell is in pond water hence the p d at X is regarded 
as negligible and is not shown But under some conditions the p o at A ma\ 
become important 

Each lead is connected to a separate amplifier and to one string of the 3 string 
Einthoven galvanometer 


of the string which goes to the slider of Pj If a high potential is applied be- 
tween a quartz string and the frame of the instrument, the string will be at- 
tracted to the frame and the coating destroyed This amplifier may be used 
with 10® ohms in the input circuit with little disturbance from A c lines, and if 
the Xilclla cell and electrodes are placed in a shielded cage, its resistance ma> 
be as great as 10^ ohms with little error The vacuum tube is operated at iG 
“free” grid potential in order to keep grid current at a minimum 

The function of the amplifier is to furnish current to the string galvanometer 
M ith the circuit constants show'n, for each volt change in grid potential there will 
be a change of 1500 microamperes in current through the galvanometer string 
rhe linear range of the grid is about 0 25 volt each side of free grid potentia 
At the tung-ten string tension emplo\ed, a change in grid potential of OOi volt 
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results m a stnag shadow movement of about 1 cm (0 2 meter per volt) The 
current flowmg through the string (0 05 X ISOO - 75 miaoampeies) is about 400 
times that necessary to produce a similar movement of a quartz slrmg at convefl 



Fio 4 Anangement of amplifier 
Si Si S 3 « General Radio No 339 B low capaaty switches 
Si “ toggle switch 

Fi Pt *■ General Radio No 314 A potentiometers 

Pi -• 600 ohm No 314 A General Radio potentiometer (for tungsten stnng) 
» 20,000 ohm No 314 A General Radio potentiometer (for quartz 
string) 

Pi *« any available shielded potentiometer 

Ri R Ka ® International Resistance Co 10 watt wiie wound resistors 

El El «“ saturated calomel electrodes 

Cell « single cell of N\Ulla 

tional electrocardiogram tensions Therefore the sensitivity with a quartz string 
instrument would be 0 050 + 400 or 0000125 volt per cm (80 meters per volt) 
In use switch I is thrown to position 4 with no cell m the circuit and Pz 
adjusted until the galvanometer string is at zero Si is then thrown to position B, 
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and Pi IS adjusted until the stnng is agam at zero This procedure is repeated 
once With 5i in position B, a cahbrating potential is now apphed across Pj, 
and P3 IS adjusted until the desired sensitivity is reached Alternatively, the 
string tension may be adjusted With the 3-stnng galvanometer, it is our custom 
to adjust the stnngs to approximately the same deflection with the same settmgs 
of the three potentiometers (P3) and then make exact adjustments with the poten- 
tiometers With a cell m the circuit, the cahbratmg potential is recorded No 
difference wdl be found between the senes and direct cahbrations if the amphfier 
is m proper adjustment 

The apparatus is assembled m grounded iron boxes of the sort obtainable at 
radio supply stores, and all external wires are covered with grounded copper 
shieldmg All controls have insulated shafts extendmg through the shielding 
All measurements were made from photographic records 
The plants are transported directly from the pond to the laboratory and 
immediately washed in tap water with as httle mechamcal mampulation as 
possible They are then placed m Solution A® m enamel ware tubs covered with 
glass plates and kept m a cold room at 15° ±1°C 

To prepare a cell for experiments neighbonng cells are cut away, leaving at 
each end a stnp of dead cell wall about 10 mm m length by which the cell can 
be picked up with bone-tipped forceps which do not actually touch the hvmg cell ® 
The cells thus prepared are allowed to stand for several days m Solution A before 
bemg used 

The experiments descnbed m this paper were made with flowmg contacts, as 
shown m Fig 5 A paraffin block P is shown m cross-section with a strip of filter 
paper F restmg on it The Nilella cell N rests on this and is covered with a thm 
layer of moist cotton C Solution runs from the tube T over the cell and down 
to the cup B The filter paper touches the tube T and the cup which m turn 
touches the waste beaker so that no drops are formed at any pomt A contmuous 
flow is mamtamed even dunng a change of solutions For this purpose the old 
solution IS allowed to nm out until the funnel is nearly empty The new solu- 
tion IS then poured m so that it follows the old solution without mterruption 
Connections to the string galvanometer (through the calomel electrodes) are 
made as shown m Fig 3 Care is taken to mamtam a moist atmosphere around 
the exposed parts of the cell 

The pH of the solutions of morgamc salts between 6 and 9 has httle effect on 
Nttella and no espeaal precautions on this score are needed 
The temperature varied between 20 and 21 °C 

In making the record shown m Fig 2, three places on the cell (C, D, 
and E, Fig 3) were connected (through separate amplifiers and 


® For the composition of this see Osterhout, W J V , and Hill, S E , / Geti 
P/;yjm/, 1933-34. 17, 87 

®C/ Osterhout, W J V , Bzol Rev, 1931, 6, 369, Ergebn Physiol, 1933, 30, 
967 
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Fig 5 Shows a cross-section of the arrangement of flowing contact The 
solution 13 poured mto the funnel The rate of flow is determined by a groove 
in the ground joint J Formation of slugs of water m the 3 mm tube is prevented 
by the vent tube V The solutions flow from the upright tube T to filter paper F 
which hes on a paraffin block F On this rests a Nttella cell N, covered with 
moist cotton, C thus the solution flows completely around the cell The filter 
paper (several layers) touches the tube T and enters the cup B filled with saturated 
KCl Cup B overflows mto a waste beoLer which it touches so that formation 
of drops is precluded 

Connection to the calomel electrode is made by means of a tube filled with 
saturated KCl this tube is fused with cup B and with the calomel electrode 
vessel The bndge and cup are flushed out by a constant small flow of saturated 
KCl from a reservou: 

The pj) of the hquid junction between the saturated KCl in cup B and the 
other solution at the top of cup B is m most cases neghgible. 
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througli the 3-strmg Einthoven galvanometer) to a spot F at the right 
end of the cell The spot F was in contact with 0 01 ii KCl which 
kept the p n constant, approximately at zero ’’ Any change m p n 
at F would cause simultaneous changes at C, D, and F The absence 
of such changes was shown by the records® of C and E (omitted to save 
space) Hence we may be sure that all the alterations seen m Fig 2 
took place at D 

The record starts with 0 0001 M KCl at D which shows a positive® 
potential® of 125 mv When the external concentration was raised 
to 0 000316 ii the curve rose 7 mv (mdicatmg a loss of potential”) 
When 0 001 m KCl was apphed the curve jumped up 15 mv This 
was soon followed by a gradual nse and an action current^® after which 
the level of the curve remamed considerably higher 
This raises some mterestmg questions which mvolve the structure 
of the protoplasm We suppose that the protoplasm consists of an 
aqueous layer W (Fig 3, p 544) with an outer (X) and an mner (F) 
non-aqueous layer The outwardly directed (positive) p n appears 
to be due to an outward gradient^® of K+ across F 
When the potential at Z> has been lowered by 22 mv (by applying 
0 000316 M KCl followed by 0 001 m) we may suppose that an adjom- 
mg region Z>i, only a few microns from the edge of the drop of 0 001 ir 
KCl covermg Di, discharges into D m the usual way ” This, of 

^ This was not measured on this ceU but was detenruned for other cells of the 
same lot by leadmg off from a spot m contact with 0 01 Ji KCl to one in contact 
with 0 01 K KCl saturated with chloroform which latter reduces the p n to zero 
® C and F were m contact with pond water dunng the entire experiment 
® The potential is regarded as positive when positive current tends to flow from 
the sap across the protoplasm to the external solution 

This value is reckoned from the zero given on the record which depends on 
the assumption that the p d at is zero (c/ footnote 7) 

” See earher experiments, Osterhout, W J V, and Harris, E S ,/ Geii Physiol , 
1928-29, 12, 761, Osterhout, W J V,7 Gen P/iyjio/ , 1929-30, 13, 715 

^ It might be thought that this comes from mechanical stimulation but m that 
case the start of the action current would be abrupt and not gradual (cj Osterhout, 

W J V , and Hill, S E , / Gen Physiol , 1930-31, 14, 473) Mechanical stmiula- 
tion is very improbable m view of the precautions taken to avoid it in changing 
solutions (see p 546) 

” Osterhout, W J V , / Gen Physiol , 1934-35, 18, 215 
” Osterhout, W J V , Biol Rev , 1931, 6, 369 
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course, is not recorded*' at D It may involve only a partial loss of 
p D at Hi for we find that it is not propagated to C and (this is 
often the case with discharges mvolving mcomplete loss of potential 
m Nitella) 

We suppose that such a discharge involves an mcrease m penne- 
abihty at Hi accompamed by a movement of substances (organic and 
morgamc) from the sap into IV If these substances diffusing along 
IV to H (only a few microns distant) cause an mcrease m the perme- 
abihty*’ of 7 at H we can understand why an action current occurs at 
H The delay*' after the application of 0 001 u K.C1 would be due 
to the time required for the diffusion of substances from Hi to H m TV 
The loss of potential due to the action current at H, amounting to 
77 mv at the spike, is presumably larger than at Hi At any rate it 
IS propagated and appears at C and E 
When an ascendmg senes of concentrations of K.C1 is apphed an 
action current is regularly encountered at 0 001 u to 0 005 m KCl 
We suppose therefore that the action current at H is brought about 
by the apphcation of KCl which depresses the p n at H But such a 
depression brought about by the apphcation of NaCl seldom produces 
an action current *’ This may be due to the fact that, as Blinks has 
shown,” K.C1 lowers the resistance of the protoplasm much more than 
NaCl does The lowered resistance would facihtate the discharge of 
Hi mto H It IS possible that the presence of KCl m the eatemal 
solution acts m other ways to facihtate the production of the action 
current 

*' This 15 to be expected since there need be no change of p D at Z) tVben a 
discharge occurs the change of pn takes place at the source and not at the sink. 
This IS clearly shown when the sink is a dead spot 
*® The records of C and B are omitted to save space 

*t It may seem strange that Y which is m contact with sap at its inner surface 
should suffer an mcrease m perraeabihty when sap reaches the outer surface But 
this IS less surpnsmg when we remember that Valoma soon dies when placed m its 
own sap and that the process of death is accompamed by a great increase m 
permeabditym both F and Zf C/ Osterhout, W J V , / Gen PAyjiol 1924-25 
7,561 

*® As would be expected the duration of this delay is vanable 
*® When an action current occurs there is no extra loss 
“ Blinks, L K,J Gen Physiof , 1929-30, 13, 495 
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When an action current is produced by KCl the subsequent level 
of the curve is higher than before For convenience we shall refer 
to this as the “extra loss’" of potential due to the action current This 
extra loss is evident in the subsequent course of the curve even after 
the external KCl has been raised to 0 1 m and lowered again to 0 000316 
M for we then find the curve at a higher level than when 0 000316 m 
KC l was first applied (Figs 1 and 2) 

In order to see whether the extra loss remains longer in evidence 
the external KCl was again raised to 0 1 m and lowered to 0 000316 u 
(stepwise as in Fig 2) Above 0 001 m this curve practically dupli- 
cated that in Fig 2 and the extra loss was in evidence throughout 
Is the extra loss due to changes m X or in F or in both? Let us first 
discuss X In previous experiments we have observed a permanent 
loss of potential after an action current This has been explained as 
follows The spike of the action current is due to an increase in the 
permeabihty of Y which allows K+ to move out of the sap (where its 
concentration is about 0 05 m) mto W This lessens the gradient^^ 
of K+ across Y and hence lowers the outwardly directed (positive) 
potential At the same time an organic substance, called for conve- 
nience^^ R, commg out of the sap makes X more sensitive to the action 
of K+ and thus increases the mwardly directed (negative) potential 
due to the external KCl actmg on X We suppose that even if Y 
regains its ongmal positive potential during recovery there remains 
the extra loss of potential due to the increased effect on X of the ex- 
ternal KCl 

If the mcreased sensitivity of X to KCl is due to an organic sub- 
stance R which comes out of the cell sap we might expect the extra 
loss of p D to persist as long as R remams in X It would seem that 
there is one group of substances, which may be called Rp for conve- 
nience, which mcreases the sensitivity of X to KCl and another group, 
which may be called Ra> which facihtates the production of action 
currents There is some unpubhshed evidence^-* that potassium 

21 Osterhout, W J V, and Hill, S E,/ Ge/i FAystol , 1934-35,18,681 
- The loss of p D might also be due to mechanical breaks in F C/ Osterhout, 

W J V , and Hams, E S , / Ge;i Physiol , 1927-28, 11, 673 Hill, S E , J Ge>t 
Physiol , 193-1-35, 18, 357 Osterhout, W J V , Proc Nat Acad Sc , 1938, 24, 7o 
23 Hill, S E , and Osterhout, W J V ,/ Gen Physiol , 1934-35, 18, 687 
2* This 'Will be discussed m another paper 
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combines with a substance which we may call HZ to form KZ, which 
IS identical with Rr Hence we might expect that if K+ is removed 
from the external solution the Rp in X would tend to lose its potassium 
and consequently to lose its etSciency This seems to be the case 
The extra sensitivity to KCl and consequently the extra loss of p n 
gradually disappears when the external solution of KCl is replaced 
by pond water, or by Solution A or by a solution of NaCl “ It may 
even disappear m a few minutes m 0 0001 u KCl * In higher con- 
centrations of KCl Its disappearance is much slower Theoretically 
we might expect it to disappear eventually even in the higher concen 
trations of KCl smce it would tend to diffuse out into the external 
solution 

How does this extra loss of p n come about? Let us return to the 
equation given on p 541 which may be written 

U -V S Cl 
duns^otPU) - SSjrp^Iog — 


where Ci and Ca are the concentrations m the external solution and S 
IS the partition coeffiaent (cone, in X — cone m the external solu 
tion) If 5 remains approximately constant*’ the slope of the curves 
m Fig 1 will depend on the value of (17 — F) — (C/ + F) Before 
the action current, when the concentration of KCl is raised from 
0 000316 M to 0 001 M, we have (using concentrations for convenience 
in place of activities) 


15 ^ S8 


U -V 

u^v 


log 


jroool 

5 0 000316 


15 U-V 
58 (0 5) “ U + V 


“ In 0 01 it NaCl or la more dilute solutions it may disappear m less than a 
minute The test is made by substituting NaCl for KCl and then replacmg KCl 
of the same oDncentration as before to see whether the same ru) is observed 
“ This IS most easily observed by treating the cell as m Fig 2 and when the 
concentraUon has been lowered from 0 i u to 0 0001 n KCl leaving jt until the 
excess loss of potential gradually disappears, as shown by the gradual downward 
drift of the curve 

”This IS probably true under normal conditions m the absence of action 
cunents 
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wlience 


(£I - 7) - (y + F) = 0 52 

When the next change of concentration is made we have 


28 = 58 


U -V 0 00316 
0001 


28 U ~ V 
58 (0 5) ~ U+V 


whence {U ~ V) ~ {U V) ~ I (this can happen only when U is 
extremely large as compared to V) 

Evidently therefore we cannot expect the change of p d to exceed-^ 
28 mv no matter how much the value of U is increased by the action 
of R commg out of the sap for it cannot raise the value of Z7 — F 
above unity 

Apparently the action current causes R to come out of the sap and 
this raises the value of (U — V) (U + V), so that the change 
in p D IS 28 mv instead of 15 mv In other words the action of R 
adds 28 — 15 = 13 mv to the change of p d and this 13 mv appears 
as part of the extra loss of p d But as the total extra loss is 60 mv 
we still have 60 — 13 = 47 mv to account for This extra 47 mv 
must be due to the action of R in raising S to S' The amount 
of this rise can be calculated as follows We may write 

S' 

Change of p d due to change of S to S' = 58 log — 

O 

When this change is 47 mv we have 

47 = 58 log ^ 


whence S' — S = 6 5 

On this basis it would appear that we can distinguish between 
changes m partition coefficients and changes in mobihty It may be 
noted that this is not possible with the equations ordmanly used for 
phase boundary potentials 

23 The value 0 001 - 0 000316 m the equation will be lessened when activities 
are employed 
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Great changes m partition coefficients may be caused by the addi- 
tion of organic substances as has been repeatedly shown m unpublished 
experiments on models m this laboratory * 

After the action current there is a considerable mcrease m the potas- 
sium effect, te, the loss of pd produced by substitutmg a given 
concentration of K.C1 for the same concentration of NaCl Before 
the action current this amounts to from IS to 25 mv After the action 
current it is 45 to 65 mv This was also observed in earher expen- 
ments 

We suppose that this mdicatcs a greater mcrease m the partition 
coelfiaent’” of KCl than m that of NaCl alter the action current for 
the concentration effect of NaCl showed httle or no change which 
mdicates that the mobihty” of Na+ remamed approximately constant 
Hence the increase m the potassium effect must be due to changes in 
parhtion coeifiaent rather than m mobihty (For descendmg series 
see p 555 ) 

It may be added that the experiment shown m Fig 2 has been 
vaned by placmg the cell at first m 0 000316 u NaCl and then trans- 
ferrmg to 0 0003 16 it KCl In a typical experiment the curve jumped 
up 35 mv when the KCl was apphed This was followed by a slow 
nse and an action current after which the level of the curve was 25 mv 
higher than just before the action current Thus the behavior of 
the curve before and after the action current resembled that m 
Fig 2 

The expression partition coeOicicnt" as here used should be interpreted in a 
very hberal sense to include such cases as the following When 0 2 u BafOHJa m 
water is shaken with isoamyl alcohol tho partition coeffiaent (Ba++ in amyl 
alcohol 1 - Ba'^+ m water) is less than 0 0005, but when the amyl alcohol contains 
0 1 u oleic aad the partition coeffiaent rises to 0 029 because banum oleate is 
formed When the aqueous solution of BafOHJa is 0 0015 M the partition coeffi 
aent rises to 3 46 the conesponthng figure for Ca(OH)i is about 16 8 Tempera 
ture about 22“C 

In earher eipenments the mcrease m the potassium effect invohedan m 
crease of the mobihty of K'*' as shown by the increase m the slope of the curie 
of concentration potential (when plotted as in Fig 1) Cf Osterhout, W J V 
J Cm Physiol 1934-35 18, 987 

In these cells (Lot B) the mobihty of Na+ (as shown by the concentration 
effect) was much higher than m the cells studied earher (Lot A) 
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This discussion indicates that we may account for the excess loss 
of potential by changes in X But it is probable that changes occur 
in F and it would seem natural to look to these to explain the fact 
that after the action current in Fig 2 no subsequent action currents 
are produced^^ further increases^^ in the concentration of KCl 
This may also be due, in part at least, to the fact that on standing the 
diffusion boundary between D and Di becomes more diffuse and this 
makes more difficult a discharge from Di mto D (this has been dis- 
cussed m a previous paper^^) 

It IS also possible that changes in F might account, in part at least, 
for the excess loss of potential, eg hy changing partition coefficients 
or mobihties or by a mechanical alteration (e g producing a “leaky” 
condition) 

All of these suggestions are put forward merely as working hypothe- 
ses which may serve to bring the facts under a common viewpoint 
Future investigation must decide their actual value 

It seems desirable before leaving this subject to consider briefly the sources of 
these potentials They are, of course, thermodynamic®® as distinguished from 
zeta potentials In previous studies the electrical behavior of the cell could be 
predicted by using the equations for diffusion potential®® rather than those for 
phase boundary potential ®’' In consequence they have been regarded for con- 
venience as diffusion potentials 


®® In a few cases a second action current occurred at the next increase in the 
concentration of KCl Perhaps in these cases the changes produced by the first 
action current were less complete 

®® Even when all the steps shown in Fig 2 were immediately repeated on this 
cell no action current occurred 

^ Osterhout, W J V , and Hill, S E , / Gen Physiol , 1929-30, 13, 547 
®® This IS shown by the fact that they can be measured by means of a galva- 
nometer According to L R Blinks (personal communication) Sahcystis Os- 
terhoulit, Blinks and Blinks, can produce continuously for several days a cur- 
rent about 2 5 microamperes per cm ® of cell surface For technique seeBhnks, 
L R , / Ge?i Physiol , 1935-36, 19, 875 

®« Osterhout, W J V , 7 Gen Physiol , 1929-30, 13, 715 Damon, E B , 
J Gen Physiol , 1932-33, 16, 375 

®^ Donnan potentials need not be considered since nothing resemblmg a Donnan 
equihbnum exists and oxidation-reduction potentials are ruled out ® 

metallic electrodes were in contact with the ceU (c/ Osterhout, W J V,andHiU, 

S E , Cold Spring Harbor symposia on quantitative biology, Cold Spring Harbor, 
Long Island Biological Association, 1936, 4, 43) 
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In the cells previously studied the rfllc of K’’’ was so predominant that other 
ions ^Yere neglected For convemence we shall continue to do this but it should 
be understood that Na+ plays a more important r6Ie m the present cells (Lot B) 
than in the earher ones (Lot A) We know that potassium enters and reaches a 
much higher concentration in the sap than m the pond water 

One way in which p d might be brought about is seen m artifiaal cells” where 
the protoplasm is represented by guaiacol When a dilute solution of potassium 
is placed outside the artificial cell potassium enters until its concentration m the 
artifiaal sap inside the cell is much higher than outside During this process the 
potential due to the potassium compounds undergoes a change of sign At first 
it IS negative (mwarcUy directed) but as K+ accumulates in the artifiaal sap the 
sign of the potential becomes positive (outwardly directed) as in NtlcJla 

We suppose that the positive potential in NtUlla is due chiefly to compounds of 
potassium and sodium which reach a higher concentration m the sap than m the 
external solution This appears to be chiefly due to a concentration gradient 
across F, * « to a gradient from the sap, which contains about 0 05 M KCl and 
0 05 It NaCl, across Y to W, which appears to contam very httle of either 

We may suppose that when the cell is m pond water there is not much poten 
tial across X but when suffiaent KCl or NaCI is added to the external solution 
an mwardly directed potential appears at A We may make the usual assump* 
tion that the outermost portion of A comes almost instantaneously mto equi 
Lbnum with the external solution and that the innermost portion of A likewise 
comes mto equihbnum with W During such experiments as are shown in Fig 2 
the penetration of KCl at one spot on the cell may not have much effect on TV 
whi^ IS constantly stirred by protoplasmic movement ” 

If the concentration of K* in JV remains constant and the external concentra 
tion of KCl IS raised from 0 001 utoO I u it should theoretically make no difference 
as far as p D is concerned whether wc do this suddenly or stepwise (as m Fig 2) 
In other words it makes no difference theoretically whether the diffusion boundary 
m IV IS sharp or diffuse ^ Practically however, we do find differences m experi 
ments on diffusion m aqueous solutions when more than one electrolyte is mvolvcd 
but they are irregular and not predictable 

When the external concentration is suddenly raised from 0 001 to 0 01 h we 
suppose that a sharp diffusion boundary is formed m A as discussed m a previous 
paper ^ 

Let us now consider bnefly the effect of starting with 0 1 u KCl and 
proceeding stepwise m a descending senes The application of 0 1 ii 

Osterhout, W J V / Gen Physiol , l9i2-33 16,157 
" IV extends the whole length of the cell (usually 10 cm or more) and the spot 
D where KQ is apphed is only a centimeter m width The thickness of IV is 
undoubtedly much greater than that of X 

"Maclunes D A, andYeh.Y L J Am Chem Soc, 1921, 43, 2563 Btown, 
A S and Macinnes, D A,J Am Chem Sac 1935,57,1356 
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KCl causes an action current as would be expected from what is said 
earlier (p 549) but there is no delay since the curve jumps up at once 
to beyond zero owing to the action of the external KCl on X plus the 
effect of the loss of p d at K which is quickly superimposed As m 
the ascending senes there is a partial recoveiy after which the extra 
loss persists To avoid supenmposition the curve in Fig 1 has been 
made to pass through the origin and hence does not show the extra 
loss 

In this case we find that the potassium effect is greater in the 
concentrated than m the dilute solutions This may be due, in 
part at least, to contamination of the dilute solutions 
The descending senes of concentrations in Fig 1 (lowest curve 
showmg the average of five cells) gives a smooth curve Since the 
slope of this curve approaches the theoretical hmit''^ it is evident that 
the high value (85 45) for — Fq given in a former paper is justified 
These results clearly show the importance of usmg methods of 
measurement which allow us to detect action currents The informa- 
tion afforded by contmuous records is often indispensable 

SUMMARY 

Cells of Nttella have been studied which behave difierently from 
those descnbed m earher papers They show unexpectedly large 
changes m pd with certain concentrations of KCl This is due to 
the production of action currents (these are recorded at the spot where 
KCl is apphed) 

A method is given for the separate evaluation of changes of p D 
due to partition coefficients and those due to mobihties 

A new amplifier and an improved flowing contact are described 

This effect on V appears more quickly than in the action current of the ascend- 
mg senes This might be expected since Ola KCl would lower the resistance of 
the protoplasm more than would lower concentrations 

^ The theoretical slope becomes a httle less when activities are taken into 
account C/ footnote 1 
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THE EXCITABH^ITY OF FROG MUSCLE WITH PARTICULAR 
REFERENCE TO ITS LATENT ADDITION 

Uv H A BLAIR 

{From llte Department of Physiologyt School of Medtetne and Dentistry, The 
University of Rochester, Rochester, Nero York) 

(Accepted for pubiicatioiii November 17, 1937) 

Musde substance appears to possess distinct advantages over nerve 
for the study of the dependence of the process of eicctncal excitation 
on vanous reagents such as drugs and inorganic salts for not only is 
there more knoim about the disposition of sucli substances in muscle, 
but further knowledge is probably much more easily obtainable Un- 
fortunately, however, Keith Lucas’ assignment of the a excitabihty 
to the muscle substance has not been wholly acceptable and m par- 
ticular, it has been questioned whether the a strength duration curve 
IS a "true” curve, m the sense of whether or not it is the simplest 
procurable On the otlier hand, the direct stimulation of muscle with 
wire electrodes almost certainly may involve the nerve (if it does not 
always do so, as many beUeve) so its use probably yields more infor- 
mation about nerve than muscle 

Since Rushton’s (1930) extensive work on the subject, there seems 
to be little doubt that the cc curve is of the muscle, but a decision on 
the other matter as to whether it is the least distorted by extraneous 
factors 13 more difficult to make, and there is probably no very general 
agreement on this question 

One method of attackmg the problem is to assume that a given 
mathematical form for the strength duration curve, e g that derived 
from data on nerve, is the simplest and least distorted, so that it may 
be used as a entenon for the “trueness” of other curves Lapicque 
(1931 o) m fact, used his canomcal equation (1926)' to show that the 
a exatabihty is not of the usual class This conclusion can only be 
tentative, however, even though the canon is adequate for one exat- 


' Lapicque (1926) p 214 


557 



558 


LATENT jLDDITION IN iTOSCLE 


ability, because the “trueness” of the canon itself is only an assump- 
tion In any case, however, the canon has been shown to represent 
some muscle data (Colle and Delvdle, 1932) and not to represent some 
nerve data (Lapicque, 1926^, Rushton, 1932, Colle andDelville, 1932) 
It appears, therefore, to be an adequate representation only of speaal 
cases of both exatabihties and no defimte conclusion can be drawn 
from Its apphcation 

Another method, the one to be used chiefly here, is based on a gen- 
eral property of the excitatory state There is agreement now, that 
the excitatory process is not cumulative only, but that it is also dis- 
sipative The rate of the dissipative or subsidence process is meas- 
ured m some v/ay or other by the vanous time factors of excitation, 
the usual measures of excitabdity On the other hand, this subsi- 
dence IS the factor which dete rmin es latent addition Thus, there 
must be a correspondence between the tune factor of exatation and 
the mterval for latent addition which is determined by the rate of 
subsidence of the exatatory state left by an madequate stimulus 
Therefore, a tissue of long chronaxie must have long latent addition 
mtervals, and mce versa And if for any reason, a tissue of short 
chronaxie yields a long ^pseudo chronaxie on account of the methods 
employed, the fault may be discovered by findmg a short latent addi- 
tion mterval 

The purpose of the present paper is to discuss bnefly the form of the 
a strength-duration curve and to show that the a latent addition 
times correspond m the same way to the low a exatabflity as do the 
latent addition tunes m the sciatic nerve to its high excitabihty 


The Strength-Diirahon Curve 

It has been shown already (Blau 1932 a, b, 1935 a) that some 
strength-duration data of the a exatabflity by Lapicque (1931) and 
Benoit (1934) conform qmte well to the equation. 


log 


V 

V-R 


= H + log 


K + ka 
K 


( 1 ) 


m which V is the strength of the stimulus, i2 the rheobase, I the dura 
tion of the stimulus, and K, k, and a are constants The excitabihty 


^ Lapicque (1926), pp 91, 215 
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of the tissue is measured m the usual way by k These curves did not 
extend to very short durations, however, and with those that do it is 
necessary to use an additional term as required With nerve (Blair, 
1937), t c It IS necessary to use the equation, 


V-R ^ ^ 

y ^ X K 


( 2 ) 


0 , bemg a constant This equation is the same as 1 except for the 
transient term m ‘ which is neghgible when at attains a value of 4 or 
more as it usually does when the stimuli are longer than about 5 msec 
A large number of data have been obtained, which can be used to test 
the vahdity of these equations 

Apparattis and Method 

The apparatus for obtaining rectangular waves of direct current has been 
described previously {Blair, 19356) In the present instance, the durations of the 
stimuli apart from the rheobase range from 112 to 4 5 msec. The threshold is 
obUmed using the succession of stimub whose frequency is given by the speed of 
rotation of the apparatus, which in this cose is about 30 per minute The 2 second 
mterval is sufEacntly long to avoid latent addition and the threshold is not 
mduenced by repeated stimulation as is the case nitb some slow tissues (Lapicque, 
1926, Bonnardei and Goudehaux, 1935) 

The tissue, the sartonus muscle of Ram ptptens, is dissected the day before the 
ezpenment and is kept m Ringer s solution m the cold until about 2 hours before 
the measurements are made It is then set up m Ringer’s solution m one of two 
types of glass vessels one of which is illustrated m Fig 1 and allowed to stand m a 
water bath at the experimental temperature about 22 C With this procedure 
it IS found that the preparations usually are quite stable for many hours, as far 
as the mdications of the strength duration curve are concerned 

Zme electrodes are used m omc sulfate solution separated from the experimental 
vessel by 15 cm of agar made up m Ringer’s fluid A rather high potential about 
200 volts IS used m the mam arciut to msure low resistance contacts The cur 
rent to the tissue is denved from a potentiometer arrangement The minimal 
response of the muscle at a part distant from the place of stimulation is used as an 
index It IS difficult sometimes to get a response from the rheobase which is the 
same as for the stimuli of limited durations but on the whole it is usually easy to 
satisfy the requirement that the same part of the muscle is exated by each stimulus 
throughout the curve In determming the curves the tissue is considered to be 
stable if the rheobase and one other pomt have the same values withm about 5 
per cent mitially and finally 

The vessel illustrated m Fig 1 is of gla^ throughout The rubber stoppers 
holding the electrodes are kept separated from the solution as mdicated The 
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tube m which the distal end of the musde is suspended is closed at the bottom so 
that the current flows only through the pelvic end, which almost fills the con- 
stricted part of the tube With this arrangement the nerve is never excited 
Usually the right-hand electrode (Fig 1) is connected to the anode of the 
battery This is the current direction used by Rush ton (1932 b) who showed that 
excitation took place at the cathode in his arrangement This point has not been 
studied but it is very probable that this also occurs here and that, therefore, the 
excitatory wave along the muscle is propagated through the anode when the 
stimulus IS continuous With the current in the other direction, cathode down, 
the Strength-duration curve is not so easily determined 



Fig 1 Apparatus used for a excitation The muscle is suspended in Ringer s 
solution as shown The electrodes at the top are Zn-ZnS 04 — agar in Ringers 
solution 

The other type of vessel, which is the one most often used, differs only in that 
there is no inner tube surrounding the muscle In this type, part of the current 
continues through the whole length of the muscle but the current density is so 
much higher at the constricted portion of the tube than it is lower down that the 
nerve seldom is excited With the addition of certain electrolytes, however, in 
studying salt effects, the excitabihty of the nerve may become sufficiently high, 
elative to that of the muscle, that the Lucas type of curve is obtained 

expeexmental results 

Almost mvariably the rheobase or a stronger stimulus, if maintained, 
evokes a repetitive response Accommodation of the sort occurnng 



H A DlADl 


S61 


m nerve is absent therefore, and the recovery of escitabihty takes 
place while the current is downg As was remarked previously the 
minimal response to the rheobase is sometimes different from that 
obtamed with other stimuh Sometimes it is even at a different part 
of the muscle so that a greater than minimal stimulus must be used to 
ehat a response at the region which responds to minimal stunuh of 
shorter durations Thus the rheobase, as has been remarked by 
others, eg Rushton (1930), Lapicque (1931a), and Benoit (1934), is 
not always a very satisfactory measurement However, with the 
current directed downward (Tig 1) it is quite stable and easily re 
peatable so that it usually appears in this case to be quite satisfac 
tory With the current reversed (cathode down. Fig 1) all the 
measurements are mclmed to be vanable Thus the current three 
tions apparently most suitable are opposite m nerve and muscle 
In Fig 2 are given typical strength duration curves plotted with 


log 


V 

V - R 


as ordmates and the durations as abscissae, according to 


equation 1 It is found that the data are of two general types The 
first type is illustrated m the lowest curve and tlie highest, which are 
Imear throughout and which conform closely, therefore, to equation 1 
The difference between them is only m the sign of the mtercept on the 
ordmate which is negative m the highest This type comprises only 
about 30 per cent of our data and it is not so common as we had been 
led to e-rpect from data by Lapicque and Benoit (Blair, 1932 a, b, 
1935 a) No numencal comparisons of the data of this type with the 
equation are given because a number of examples have been con- 
sidered m the papers just mentioned 
The second type differs from the first m that the rheobase appears 
too small, as is evmced by a tendency of the pomts to fall below the 
Ime for the long durations A pair of such curves is given numerically 
m Table II It will be seen here that the voltages calculated accordmg 
to equation 1 are systematically lower than the measured values for 
durations greater than about 40 msec except for the rheobase which 
agrees because its measured value is taken as correct In this type of 
curve m general the data can be fitted quite well to equabon 1 if the 
rheobase is arbitrarily raised by about 5 per cent taking the rest of the 
curve as It IS measured out to 0 I second at least The discrepancy 
can be laid, therefore, to the rheobase for the convenience of discussion 
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and from this pomt of view some factor enters at long durations which 
lowers somewhat the threshold current One suggestion which can be 
made in this regard is that prolonged currents m nerve do alter the 
parameters of the strength-duration curve (Nivet, 1934, Blair, 1936 c) 
and also the threshold amount of the local excitatory state, so the 
longer stimuli in this case may be bringmg about these changes in 



Duration - Milliseconds 

Fig 2 Typical strength-duration curves of the a etcitabihty plotted according 
to equation 1 Each curve has a separate ordinate scale 

sufficient amount to account for the discrepancy Wire electrodes on 
slow muscle do not, however, show this effect (Blair, 1936 a), suggest- 
mg that the change of the parameters is associated with tlie diffuse 
current distribution of the fluid electrode system and not with the 
length of the time scale 

At the short-times end of the strength-duration curve, the same 
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effect IS encountered as with nerve (Blair, 1937), te, equation 1 
becomes inadequate and 2 must be used This type is illustrated by 
the middle curve of Fig 2 In this case, the points diverge downward 
from the hne at about 10 msec but usually the divergence begms at 
about 5 msec Therefore, if equaUon 2 represents these curves it 
appears that c~ ' approaches 0 at about 5 msec Talmg ai = 5 at 
this stage, a = lOOO, which gives the order of magmtude of this 
constant m sartonus muscle Since k = 20, approximatelj , m this 
tissue, a= 50 k, approximately 


TABLE I 

CollcU* Slrmgllt Duralton Curve from the Frog s Heart 
The calculated voltages are denved from equation (2) and the given constants 


Time 

Vobt 

Kc»lc 


m/te 

230 

1 

1 

1 

' r « 5 c 

95 

1 

1 03 

0 =. 4800 

45 

1 09 

1 06 

k - 59 1 

21 

1 38 

1 38 

+ 104 

A 

10 5 

2 06 

2 06 

4 1 

3 97 

4 08 


1 98 

6 17 

6 93 


0 92 

10 6 1 

10 7 1 


0 41 

16 9 

17 9 


0 195 

28 6 

28 6 



* Expenment C, CoUe (1933), p 419 


Smee our data do not extend to durations shorter than d msec they 
are not well suited to testmg equation 2 Data by CoUe (1933) on the 
frog’s heart appear to be very similar to a data, however These 
extend to durahons short enough that a large part of the curve diverges 
from equation 1 One example of these data was given previously 
(Blair, 1936 c), another set is given here m Table I This as well as 
the previous example conforms fairly closely to equation 2 For the 
heart muscle, accotdmg to these data, a is of the order of 7000, k of 
100, both factors bemg larger than m the sartonus muscle CoUe’s 
data are not frequent enough for the middle durations to detenmne 
well the hnear relation of Fig 1 For this reason, only a few of his 
sets can be dealt with easily With his data also, as with the a excit- 
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ability, the rheobase tends, sometimes, to be too low for equation 1 or 
2 The nature of this transient effect, the term in of equation 2, 
which IS perhaps purely physical, has been discussed for nerve pre- 
viously (Blair, 1937) so it will not be considered further here 

It seems possible to conclude from these data and those considered 
previously that equations 1 and 2 fit the data quite closely in only 
about one-third of the a curves, the remainder requiring some addi- 
tional factor to account for a progressive lowering of the rheobase by 
about 5 per cent or so Therefore, it is desirable to examme the indi- 
cations of the data of latent addition before attempting to reach 
conclusions as to whether the o: excitation is of the usual form or not 

Latent Addttton 

As was pointed out above, the fit of equation 1 or 2 to the data, 
while it provides a strong indication of the vahdity of the differential 
equation from which it is derived, is not so direct a test as a method in 
which the components of the excitatory process can be studied sepa- 
rately Such a method is provided by a study of the latent addition, 
for according to the basis of equation 1 or 2 (Blair, 1932, 1936 c), if 
the current is stopped before excitation has been accomplished, the 
excitatory state, p, will subside according to 

^ = -kp (3) 

dl 

^ e , at a rate proportional to its instantaneous magnitude if the factors 
giving rise to the term in a of equation 1 are neglected During this 
phase, therefore, the subsidence factor alone is acting and it can be 
examined separately This can be done by giving an inadequate 
stimulus followed after an interval by a test stimulus sufficient to 
bring about excitation In the present case, for simplicity, two 
rectangular stimuli of equal durations are used, the only variables 
bemg the mterval between them and their strengths which are, how- 
ever, the same for both. 

Letting the stimuli have strengths, V , and durations, ti, it is easily 
seen on mtegrating in the usual way (Blair, 19326) that at the end of 
the first stimulus, 


KF 


( 4 ) 



a A BLAm 


S6S 


p then subsides according to equation 3 from this value to attain, 
after an interval, k, measured from the end of the first stimulus, a 
value, 

KV 

p » — — e~**i*(I “ er^ ) (*) 

k 


kt bemg used to allow for the k’s of equations 1 and 3 being different 
The second stimulus, to be adequate, must now, durmg a time, fi, raise 
this value olptoh — aV (usmg the negative sign only) (Blair, 1932 b) 
so that agam usmg equation I and substituting the rheobase, R, for 

— there is obtained finally, 

K + ka 


V - R _,K + ta 
V ^ K “ 


c-u, - e-^ (j-u, - e-u.,) 


( 6 ) 


It Will be observed that this apphes only to the speaal case, as was 
pomted out above, m which the kmctics of the current transient on 
removmg the stimulus are ignored Actually, if this transient is 
contra excitatory the process following the madequate stimulus 
should be written 

^ = -aV(<. -«<-■- tp (7) 

Of 


and after performing the appropnate mtegrations as before there is 
finally obtained 

^ X — ■= I'l - e-w (e-n, _ r’".) (S) 


which, however, is the same as 6 when li is greater than about 4 msec 
smee the second member on the tight disappears at this stage It is 
imphed therefore, m 6 that the transient is considered both for excita 
tion and subsidence and that h is sufficiently large to make neg- 
hgible The experiments were done m such a way as to satisfy this 
requirement 

Equation 6 by itself contams three arbitrary constants, — k, 

K 

and ki ^Moreover, it is not easily applied because of its form How- 
ever, if a strength duration curve is obtained at the same time, the 
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first two constants can be derived separately from equation 1 Then, 
since V, R, h, and tz are measured, h is the only arbitrary constant 
remaining Its determination is considered m the next section 


Apparatus and Method 


The data of latent addition are obtained by means of the following arrange- 
ment On the same shaft, in addition to the disc used for direct current measure- 
ments are mounted two fiber discs 14 cm m diameter and 1 3 in thickness In 
the edge of each, through the whole thickness, is a brass segment 2 mm wide 
These segments are connected to each other and by means of a brush, to the same 
voltage supply and potentiometer as that used for the strength-duration measure- 
ments The other contact from each segment is made by means of a steel bearing 
ball, 1 cm in diameter, which is free to turn on lubricated carbon in a brass socket, 
a spring presses the ball against the edge of the disc The discs are movable on 
the shaft so that they may be arranged with the brass segments separated by any 
desired distance along the circumference The separation between the segments 
determines the interval between the stimuli, and the durations of the stimuli arc 
fixed by the widths of the segments, since the balls make point contacts The 
threshold for the two stimuh is determined by trial adjustment of the potenti- 
ometer while the discs are rotating continuously As the time of rotation is 2 
seconds, there should be no latent addition between successive pairs of stimuli and 
in fact a double response or none at all is obtained with intervals of 200 msec or 
even less The latent addition determinations are preceded and followed by the 
obtaining of a strength-duration curve These curves provide an independent 


index of the stability of the tissue as well as the constants 


K + ha 
K 


and h 


Equation 6 is applied by calculating the constant using k from the strength- 
duration curve and the measured duration of the stimulus, The factor, e 
can have values from 0 to 1 only, the respective limits being when the latent addi- 


tion interval, I 2 , is very long and zero 


A graph of 


V 


- R 
V 


as ordinates and e 


as abscissae must therefore have an ordinate intercept e"*‘i 


/ K 


large, i e when =• 0 and an ordinate ^ when h = 0,te , when 

e-* 2<2 = 1 These ordinates are marked, therefore, on a graph at the point 
g-ijij = 0 and 1, respectively, and are joined by a straight line Now each 


experimental value of ——p — will give by means of the graph, a corresponding 

value of From this kik can be calculated and then h, because k is measured 

This procedure is followed for several data and the resulting values are 
obtain an average value for hz, if there is one of the kind required by the hypot esis 
The fit of equation 6 can then be tested by calculating V for each interval anil 
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companng it with the measured value Or the calculated values of c *■'*, using 
the average it can be plotted on the graph used previously as a graphic indication 
of the ht 


TABLE n 


Latent Addition Data {Loner Set) an the a Excitability Preceded and Folloaied by a 
Strength-Duration Curve {Upper Set) 


DuitUoQ 

IsIU&l j 

FIdU 


Vi 

V c&lc 

Vt 

Vcile 

BiUC 






CO 

450 

450 

450 

450 

Initial curve 

112 

530 

505 

550 

505 

i » 17 75 

74 2 

600 

580 

600 

580 

K + ket , 

56 3 

670 

645 

670 

650 

K 

43 

750 

730 

760 

735 


32 7 

850 

835 

860 

845 

Final curve 

25 4 

mSm 

940 

960 

965 

i - 17 95 

13 6 


1095 

1100 

1130 

K + ka , 

16 4 


1165 

1160 

1200 

— _ - 119 

12 5 

■H 

UlS 

1380 

1365 


8 0 


1565 

1680 

1655 

Mean i «■ 17 85 

6 1 

1740 

1715 

1860 

1820 


4 5 

1850 

1915 

1950 

2000 

- 1 205 

» 

450 


450 




Interval 

Vob, 

Korfe. 



ffMce 






213 

1540 

1545 




4 26 

1150 

1185 

Duratioos, aa 8 8 msec 


8 52 

1210 

1220 




12 78 

1260 

1265 


e-**i « 0 SSS 


17 05 

1300 

1300 




21 3 

1350 

1330 


0 730 


34 05 

1430 

1400 




42 6 

1490 

1440 


fci - 38 1 


51 2 

1480 

1450 




63 9 

1540 

1495 




106 5 

1550 

1530 




127 8 

1560 

1545 




213 

1550 

1545 




EXPERIMENTAL RESULTS 

In Table II are given the data of a typical experiment which mclude 
an initial strength-duration curve, a set of latent addition measure- 
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ments, and a final strength-duration curve The constants from each 
strength-duration curve are given These are used separately to 
obtam the calculated voltages of the strength-duration curves, and 
their mean values are used m equation 6 for the latent addition calcu- 

lations In Fig 3 (curve B) are plotted — agamst e-^^h for 

these data These values of are calculated from a mean value of 



Fig 3 A method of plotting latent addition data according to equation 6 
which predicts a hnear relation Curve B is for the data of Table II Curves A 
and C are for sets A and C, respectively, of Table III 


ki obtamed previously from the same curve by the method given 
above It will be seen that these data conform to equation 6 m fair 
approximation In Table III are given three other examples of the 
latent addition data alone as measured and as calculated, usmg again 
the constants from strength-duration curves obtained at the same 
time In Fig 4 are given the curves of subsidence of the excitatory 
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state for the data of Table II, curve A, and for sets B and C of Table 
III, curves B and C These curves as drawn are the theoretical 
curves of subsidence using the mean value of ht The plotted points 
are the experimental values calculated from the measured voltages 

TABLE m 

Typical Data for the Latent Addition of a Excitation 


The intervals are the intervals between the stimuh, V, whose durations are li 
The calculated voltages ate from equation (6) using the constants given 




" 1 

c 









V obs 

Vole- 1 

V ob* ' 

Vaic 

V obs 

Vcalc. 




■M 








237 

1880 

1895 


2100 



203 

1520 

1525 

8 52 

2220 

2255 

213 

212 

1600 

1590 

12 78 



219 

218 

1640 

IMS 

17 OS 

2470 

2540 

225 

224 

1690 

1685 

21 3 

2600 

2640 

229 

227 

1710 

1725 

25 SI 



230 

230 

1750 

1750 

29 3 

2760 

2820 





34 05 



231 

233 

1790 

1805 

42 6 

3020 

3010 

234 

236 

1810 

1840 

51 2 



236 

237 

1830 

I860 

63 9 

3190 

3120 





68 2 





1850 

1880 

85 

3240 

3180 

237 

237 



106 5 





1870 

1895 

128 

3260 

3280 

237 

237 



213 

3270 

3280 

237 

237 

1890 

1895 


h 

*=4 6 msec. 

/i 8 8 msec 

h ^ 

8 8 msec 


R 

« 325 

R - 120 

R - 

6S0 


h 

- 16 0 

it =• 31 4 

ki =» 

21 4 


it 

» 47 5 

kt 

« 81 

i, - 

53 


ii 

^ 2 94 

k, 

kt 

2 57 

k, 

h ” 

2 46 


K-{-ka 

R 

=> 1 026 

= ISM 

R ka ^ 
R 

1 29 


by means of equation 6, the excitatory state being assumed m each case 
to have the value unity at the end of the first stimulus 
It will be seen on considermg the graphs and the tables together that 
m no case is the percentage divergence of the experimental from the 
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theoretical value greater than 3 and usually less than 2 All of our 
data are sunilar It is concluded, therefore, from these results, that 
the subsidence of the excitatory state is exponential in close approxi- 
mation 



Fig 4 The subsidence of the a excitatory state It is assumed for convenience 
that the first (inadequate) stimulus produces unit value of the exatatory state 
so the maximum ordinate is 1 Curve A represents the data of , Table 11 Curves 
B and C represent sets B and C, respectively, of Table III 

It will be observed, however, that kz is more than twice as great as k 
That ts, the substdence ^s more than tunce as fast when examined directly 
as it appears to be from the strength-duration curve This result was 
quite unexpected and it was thought at first to be a feature of the a 
excitabihty only Prelimmary work on nerve gives, however, a similar 
result (Blair, 1936 c) There appear to be two alternative explana- 
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lions of this result, either that the mechanism postulated to give 
equations 1 and 2 is quite wrong or that the excitatory state is dissi- 
pated by factors in addition to those involved directly in the process 
of exatation It appears to be most probable at present that the 
latter alternative is the correct one (Blair, 1956 c) but the matter is 
open to question 

That the particular form of stunulus is not a factor m thedetermina- 
tion of this ratio for single pulses m nerve, at least, is mdicated by the 
findmg that the same value of k is derived using either rectangular 
pulses, condenser discharges,or linearly rising currents (Blair, 1935 b, c) 
as stimuli 

The Refractory Period 

The recent theoretical treatments of excitation (Eashevsky, 1933, 
llonnier, 1934) relate the refractory period to the tune constants of 
excitation and accommodation This pomt of view has received no 
experimental justidcations but there is perhaps some parallehsm, 
usually, between the length of tlie chronaxie and the refractory period 
This IS not true of the a excitabihty, however In this case prelimi 
nary measurements give the absolute phase as bemg of the order of 
1 msec at 20°C which is somewhat shorter than most of the saatic 
nerve data This is m agreement with the assumption which has 
always been made by those usmg the muscle as an mdex while measur- 
ing the refractory period of nerve, namely, that the refractory penod 
of the muscle must be as short or shorter to permit the method As 
tlie matter stands at present there does not seem to be sufficient evi- 
dence of a connection between the strength duration curve and the 
refractory period to draw a conclusion with respect to the question 
at issue 


CONCLUSIONS 

Apart from this new problem which is raised by the dissmulanties 
of the subsidence rates durmg and followmg the stunuli, it is apparent 
that the a latent addition data are quite as appropnate as regards 
their tune scales to the a strength duration curves with their small k 
values, or large chronaxies as the latent addition data ui nerve are 
to the large k values or short chronaxies encountered there Thus it 
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can be concluded that the a process of excitation is essentially the 
same m its general nature as those occurring m other tissues and that 
there is no reason to beheve that any mformation denved from its 
study will be any more or less distorted than that obtained elsewhere 
It may be, in fact, that the a excitation process is the simplest because 
it does not involve any of the accommodation which occurs so fre- 
quently in other cases and which probably distorts somewhat the 
strength-duration curve 


SUMMARY 

With a view to mdicating that the a excitatory state m muscle is 
not of a special nature it is shown that the a strength-duration curves 
are of the same form as those determined for nerve and other tissues 
except that m about two-thirds of all cases the rheobase appears to be 
slightly too low Also from experiments m latent addition it is found 
that the a excitatory state following an inadequate stimulus subsides 
exponentially at a rate which is related to the a excitabihty in the same 
way, approximately, as the subsidence rate m nerve is related to the 
nerve’s excitabihty In both tissues the subsidence as measured 
directly is 2-3 times as fast as it appears to be from the strength-dura- 
tion curve The a refractory penod is at least as short as that of 
nerve so the a chronaxie is unusually long compared to the refractory 
penod There is no reason at present, however, to consider this as 
havmg any beanng on the problem at issue It is concluded there- 
fore, that the a excitabihty differs from others in the rates of its 
reactions rather than m its fundamental nature and that any conclu- 
sions about excitability drawn from its study will probably be valid 
qmte generally 

I am indebted to Mr W B Latchford for assistance in doing the 
experiments 
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Previous tvork (1) has shown that the transformation of swine pep- 
sinogen to swine pepsin at pH 1 0-5 0 is an autocatalytic reaction ,te, 
the pepsin forms itself from pepsmogen It has also been found (2) 
that swine pepsm and chicken pepsm arc distinct immunologically and 
that they differ m addition by the fact that chicken pepsm is much less 
sensitive to alkah than swine pepsin The question anses as to 
whether swme pepsmogen activated by chicken pepsm would result 
in the formation of chicken pepsm or sivine pepsin It would be 
expected that the species specificity of the enzyme was already present 
m the inactive precursor and that the formation of the active group 
m this mactive molecule would be without effect on the speaes speci 
ficity If this were the case swme pepsmogen would be transformed 
to swme pepsin no matter whether the reaction were catalyzed by 
swme pepsm or chicken pepsm and, conversely, chicken pepsinogen 
would be transformed to chicken pepsm whether the reaction were 
catalyzed by chicken pepsm or swme pepsm 
In order to determme the result of such an experiment swme pep 
smogen has been activated by the addition of chicken pepsm and it 
has been found that swme pepsm is formed under these conditions 
Similarly, chicken pepsmogen when transformed into the active 
enzyme by swme pepsm gives nse to chicken pepsm In a sense, 
therefore, it may be said that the swme pepsm becomes “adapted” 
when added to chicken pepsmogen smee mstead of formmg more swme 
pepsm, as would be the case were it added to swme pepsmogen, it 
now forms chicken pepsm It has been suggested (3) that the forma- 
tion of bacteriophage and possibly the viruses is analogous to the for 
575 
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mation of active enzymes from their precursors and the results of the 
present experiments are formally, at least, analogous to the adapta- 
tion of bactenophage to a different host organism 

EXPERIMENTAL RESULTS 

If an alkaline solution of pepsinogen is brought to pH 4 6 it is slowly trans- 
formed mto active pepsin and the course of the reaction in general follows that of 
an autocatalytic reaction The reaction is presumably imtiated by traces of pep- 
sin already present since it has not been possible to prepare pepsinogen completely 
free of pepsin activity In order to deternune the effect of the addition of pepsin 
upon the rate of activation, therefore, it was necessary to compare the rate of 
activation of the pepsinogen solution alone with that of a solution to which had 
been added active pepsin Owing to the pecuhar nature of the autocatalytic 
reaction it is necessary to add large amounts of active pepsin in order to markedly 
affect the activation curve The autocatalytic equation predicts that the most 
stnking difference will be found by comparing the rate of activation of the pepsino- 
gen alone with that of a solution to which has been added about an equivalent 
amount of active pepsin The experiments were therefore carried out by compar- 
ing the rate of activation of a solution of pepsmogen which, after activation, would 
have an activity of about 15 rennet units per ml , with that of a similar solution 
to which had been added suffiaent swine or chicken pepsin to bnng the mitial 
activity to 15 rennet units per ml The total increase in activity of the two 
solutions is therefore the same The expenments were carried out in ir/l pH 4 6 
acetate buffer at 25'’C Samples were taken mto m/1 pH 5 6 acetate buffer at 
various time intervals and also in 0 4 m pH 8 5 borate buffer In the latter solution 
swme pepsm is completely inactivated in about 5 mmutes, whereas chicken pepsin 
IS not inactivated appreciably for at least hour 0 5 cc of the pH 5 6 acetate 
samples and also of the pH 8 5 borate samples (after titration to pH 5 0) were 
added to 5 cc of a standard “Khm” (4) solution and the time of clotting determined 
at 37“C The activity, as determined from the acetate sample is called “total 
rennet units” and that from the borate sample is called “chicken rennet unit 
One rennet unit is defined as the quantity of enzyme which will clot 10 cc of a 
standard 20 per cent Khm solution m 1 minute at 37°C 

An outhne of the method of preparation of chicken pepsinogen is given in Table 
I and of chicken pepsm m Table II 

The result of the experiment m which swine pepsinogen was ac- 
tivated by chicken or swine pepsin is shown in Fig 1 in which the 
increase of total pepsm and of chicken pepsin is plotted agamst the 
time of activation The results show that the pepsmogen solution 
to which chicken or swme pepsm has been added activates much 
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more rapidly than the pepsinogen solution alone and also that the 
inaease in activity is entirely swmc pepsin and that no new chicken 
pepsin IS formed ^ ^ 

la Fig 2 the results have been plotted as the log of — — agamst 

the time where A. is the final activity and A is the activity at time T 
This method of plottmg gives a straight Ime for the two experiments 



0 10 20 30 40 50 eo 70 60 90 lOO 110 

Tme-minules 

Fig 1 Effect of the additioa of chicken pepsin on the formation of pepsin from 
swine pepsinogen 

shelving that the reactions are autocatalytic and have about the same 
value for the autocatalytic constant This shows that chicken pepsm 
IS catalytically as effective as swme pepsm m the activation of swme 
pepsinogen A smular experiment m which chicken pepsmogen was 
activated with swme or chicken pepsm is shown m Fig 3 The results 
show agam that chicken pepsm is formed from chicken pepsmogen 
whether the transformation is brought about by swme pepsm or 
chicken pepsm smee m this case the mcrease m activity, from measure 
ments of the samples which had stood at pH 8 S, is the same as that 
obtained from the pH 5 6 acetate sample 




Fig 2 Activation of pepsinogen shown in Fig I plotted in accordance with the 
autocatalytic equation, te , log - — against the time 
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Fio 5 Effect of serum on the rennet activity of vanoua matures of swine and 


chicken pepsin 
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In Fig 4 the results have been plotted against the log of — - 

and again show fair agreement with the course of an autocatalytic 
reaction In this expenment the final concentration of pepsm was 


TABLE I 

Outline of Method for Partial Purification of Ckiclen Pepsinogen 


Procedure 

No 

Carbo 
bydroK 
(as glu 
cost) 

■ (P u jHb* 

423 stomachs collected in 0 45 sat ammonium sulfate — m/10 
sodium bicarbonate solution Supernatant discarded 
Stomachs defatted and minced, stirred 12 hrs with a solution 
containmg 1102 ml m/ 1 sodium bicarbonate, 1745 ml sat 
ammonium sulfate, and 8178 ml water, final concentration 
of ammonium sulfate is about 0 2 saturated 10 per cent 
Filter Cel and 5 per cent Hyflo Super Cel added and miv- 
ture filtered and washed twice with 0 2 sat ammonium 
sulfate m/ 10 sodium bicarbonate solution Filtrate re- 

1 

Mill 

hill 

/M A' 

filtered after addibon of 1 per cent Filter Cel Filtrate 
Added 188 gm ammomum sulfate per liter Precipitate 
filtered with Hyflo Super Cel and dissolved m 8 5 liters 

2 i 

! 

5950 

367 ‘ 

1 

0 032 

0 01 M sodium bicarbonate 

Added equal volume sat ammomum sulfate dropwise to solu- 
tion No 3 Precipitate filtered with aid of Hyflo Super 

3 

1672 

330 

I 0 051 

1 

Cel Dissolved m 10 volumes 0 01 m sodium bicarbonate 
Soluhon No 4 made pH 6 0 with 4 m pH 4 65 acetate Added 

1 25 volumes of pH 6 0 m/ 1 copper hydroxide, filtered 
Precipitate extracted uith 3000 ml m/10 dipotassium 
phosphate Filtered Copper hydroxide residue washed 

4 

1080 

323 

0 065 

tu ice with 420 ml phosphate Filtrate 

1256 gm ammonium sulfate added to solution No 5 Precipi 
tate removed by filtration rvith suction Cake dissolved in 
distilled water, total volume bemg one-half of No 4 
Solution No 6 adjusted to pH 6 0 1 25 volumes of pH 6 0 

m/ 1 copper hydroxide added Filtered Precipitate extrac- 
ted uith 1500 ml dipotassium phosphate, filtered Copper 

5 

6 

300 

262 

0 19 

hydroxide u ashed ti iceuith ISOml phosphate Filtrate 

7 

140 

172 

0 19 


* Activity after transformation into pepsin in acid solution 


half that of the first expenment and the autocatalytic constant is 
correspondmgly lower 

The conclusion that swme pepsm is formed from swme pepsmogen 
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may be confirmed by determining the effect of normal rabbit serum 
upon the activated solutions It has been previously found that 
normal rabbit serum mhibits the action of swine pepsm more markedly 
than It does chicken pepsm The results of addmg mcreasmg amounts 


TABLE U 

OtUli/ie of ifolJtod for Partial Puriftoohon of Chicken Pepsin 



■ 

Cubo 



rtocediue 

H 

hydiale 

IP U )'■'> 


■ 

cose) 





hlaJ mx 

lelal 

I/a: N 

398 5 gm crude pepsinogen (No 4 of Table I) dissolved m 

3 9S5 ad 0 01 so^um bicarbonate 

Solution No 1 made pH 6 0 with 4 u pH 4 65 acetate bu^er 

1 

2 596 

616 

0 063 

1 

Added 1 25 volumes pH 6 0 j/l copper hydroxide. Fd 
tered FieopiUte extracted with 5100 ml u/iO dipotas* 
Slum phosphate Filtered Preapitatcuashedtwicew'iih 
500 cd u/ 10 dipotassium phosphate. Filtrate 

2 

1 

486 

400 

0 17 

314 gm ammomum sulfate add^ to each hter of solution 

1 




No 2 Preapitate allowed to settle Supernatant de 
canted 10 gm. Hydo Super Ccl added and preapitate fil 
icrcd by suction on hardened filter paper Cake stirred m 

2 volumes w-ater Filtered Residue washed with 1 5 ' 


1 

1 


volumes Filtrate 

1 volume 0 1 N hydrochloric aad added to solution No 3 

3 

1 

402 ; 

0 17 

stood at room temperatuie for 30 ixunutcs 

Adjusted to pH 3 4 with 4 u acetate buffer Cooled to 

4 


402 

0 27 

— 10 C Added equal volume cold acetone 

5 




Filtered by suction Discarded precipitate Filtrate 

10 \ olumes water added to solution No 6 4 gm Filler Ccl 

6 


303 

0 23 

added After sUrtmg suspension filtered on No 3 \Vhat 
man filter paper by suction Clear filtrate 

7 


298 


Solution adjusted to pH 3 0 with n/ 2 sulfunc aad and equal 





volume saturated magnesium solution added pH read 
justed to 3 0 with 5 N sulfunc aad Stood la cold room 
for 2 days Added 20 gm Filter Cel Filtered by suction 
on No 3 Whatman filter paper Filtrate discarded 

8 




Preapitate citiactcd with n/IO sodium acetate 

9 

133 

310 

0 29 


of normal rabbit serum on the time reqmred for swme pepsm or 
chicken pepsm to clot S cc of milk are shown m the two lower curves 
of Fig 5 It may be seen that mcreasmg amounts of serum inhibit 
the clottmg due to swme pepsm much more than that due to chicken 
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pepsin The two upper curves show the effect of increasing amounts 
of serum on the clotting of milk caused by a solution of swine pepsin- 
ogen activated by swine pepsin and of a solution of swine pepsinogen 
activated with chicken pepsin If the activation of swine pepsinogen 
with an equivalent amount of chicken pepsin results in the formation 
of swine pepsin the resulting solution should contain equal amounts of 
swme and chicken pepsin The results show that the inhibiting effect 
of serum on swine pepsinogen activated by chicken pepsin is the same 
as that on a solution made up by mixing equal amounts of swine 
pepsin and chicken pepsm and is less than the effect on the solution 
containmg only swine pepsin 


SUMMARY 

Activation of swine pepsinogen with chicken pepsin results m the 
formation of swine pepsm 

Activation of chicken pepsinogen with swine pepsin results in the 
formation of chicken pepsm 

The structure responsible for the species specificity of the enzyme 
IS therefore present in the inactive precursor 
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In previous work on the alternating current impedance ol Arhacta 
puncMata egg suspensions (Cole and Cole, 19366), it was found that 
the unfertilized egg had a static membrane capacity of 0 73/if /cm * 
which was independent of the frequency On fertilization, the low 
frequency membrane capacity mcreased to 3 Ipf /cm ’ and at mter- 
meiate frequenaes there was evidence of another capaaty element 
It was suggested that the fertilization data could be interpreted either 
by an increased plasma membrane capacity which varied with fre 
quency or by an added high capacity of tiie fertilization membrane 
The latter picture was considered the more probable one, and diagrams 
of the current flow were subsequently pubhshed (Cole, 1937) The 
present work was undertaken to detenmne whether or not this eiqila- 
nation was correct 

iteasuremenls 

The impedance of the suspensions was measured over the frequency 
range from 1 kc (kilocycle per second) to 10 me (megacycles per 
second) with an alternating current Wheatstone bndge which has 
been described (Cole and Curtis. 1937) 

For the first eggs available m June, the method of preparation of 
the suspensions and the impedance cell m which they were measured 
were the same as had been used m the previous work The mem 
branes did not consistently have 90“ phase angles, which would mdi 
cate static capacities, but varied from 87° to 90° for the unfertilized 
eggs and from 85° to 90° for the fertilized eggs Furthermore, the 
• Aided by a grant from The Rockefeller Foundation 
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intermediate frequency effect which had been at its height at 512 he 
(see Fig 2, Cole and Cole, 1936 b) was much less pronounced 
It was then thought that the eggs might have been injured by han- 
dling and a new impedance cell was designed to noininuze this possi- 
bility This cell, shown in Fig 1, is essentially a glass centrifuge tube 
with two platinized platinum electrodes near the bottom Its total 
volume IS 13 3 cc and the volume of the impedance cell proper, with a 
cell constant of 12 58 cm is 0 8 cc Smee the diameter of the 
electrodes is somewhat larger than the internal diameter of the tube 


Fig 



[< — 2 cm — ^ 

Impedance cell described in text 


between them, the electrode polarization correction is considerably 
dimimshed at the cost of an mcreased volume The cell is wired and 
cemented into a Victron holder which allows it to fit mto a standard 
centrifuge cup Washed dilute suspensions of the eggs were trans- 
ferred to the cell, allowed to settle, and then centrifuged very lightly 
to minimize the time required for steady low frequency resistance and 
capacity values to be attamed 

Although suspensions were used when insemmated samples showed 
over 90 per cent fertilization membranes, they were nearly always over 
95 per cent After measurement, the suspensions were diluted and a 
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s imila r viability and satisfactory development found As noted 
before, in the volume concentraUons usually used, 30 to SO per cent, 
the fertilized eggs will remain in the single cell stage for a considerable 
penod and yet proceed normally to at least the 16 cell stage when 
diluted at the end of a run 

After this change in techmque, the membrane phase angles of both 
the unfertihzed and fertilized eggs were, with a smgle exception, found 
to be 90° at low frequencies as shown m Figs 2 and 3 It will be seen 
that for the fertihzed suspension of Fig 3, although the pomts cone 
spondmg to frequenaes above 100 kc still show a definite departure 
from the semiarcle which conesponds to a smgle capacity element, 
the divergence is much less than had been found previously (see Fig 



Fig 2 Impedance locus, senes resistance, R w senes reactance, X , for a 52 1 
per cent volume concentration suspension of unfertilized ^r5acra eggs m sea water 
Frequenaes mdicated are m kilocycles per second 

Fig 3 Impedance locus, senes resistance, R, vs senes reactance \ for a 50 3 
per cent volnme concentration suspension of fcrulized Arbacia eggs in sea water 
Frequenaes indicated are in kilocycles per second 


2, Cole and Cole, 1936 b) Thus it seems that the mterpretations 
which were based on this characteristic m the earher data are prob 
ably not apphcable In a more thorough investigation, the prmcipal 
problem is the defimte localization of the high capaaty membranes 
in the unfertihzed and fertihzed eggs Such membranes may be 
expected to have relatively high electrical resistances and, with this 
mitial assumption, their positions can be determmed from volume 
concentration and low frequency measurements of the suspensions 

Volume Concettiraiton of Ssispenstons 

When the suspended eggs are enclosed by a poorly conductmg mem 
brane, the low frequency resistance of the suspension, n, is the same 
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as it would be if the eggs were sohd non-conductors, and is given by 
the Maxwell formula, po = 2 (1 - riAo)/(2 ri/ro), where ri is the 
resistance of the medium and po is the non-conductmg volume concen- 
tration For a cubic centimeter of suspension contaming no eggs, 
Po = WqDo) where vo is the volume enclosed by the non-conductmg 
surface of a smgle egg If the volume concentration, p, of this same 
suspension is determmed by another method, p — no v where v is the 
volume defined by the method, and then of course, p/po = v/vo For 
the dextrose method, used m the work on Hipponoe eggs (Cole, 1935), 
p/po was very close to unity, so that the volume enclosed by the ion 
impermeable membrane was practically identical with that enclosed 
by the dextrose impermeable membrane Although it is generally 
beheved that the fertilization membrane is freely permeable to both 
ions and dextrose, and that the plasma membrane is not, it is obvious 
that the dextrose method alone does not give pertment mformation, 
and that one dependmg upon microscopic observations on the eggs 
must be used The foUowmg procedure was used After the im- 
pedance measurements had been made, the suspension was weighed 
and Its volume computed with an assumed egg density of 1 09 gm /cc 
(Harvey, 1932) The suspension was diluted with 250 cc of sea 
water and the number of eggs m small fractions counted as suggested 
by Parpart (Shapiro, 1935) to give no The average plasma mem- 
brane enclosed volume, Vp, and fertilization membrane enclosed 
volume, Vj, were calculated from measurements of the respective 
diameter m fifty eggs, and expressed m terms of the non-conductmg 
membrane enclosed volume, po, by Vp/vo and v//vo The rather un- 
satisfactory samphng technique is probably largely responsible for the 
ivide spread of the results which are given in Fig 4 The plasma 
membrane enclosed volume averaged 1 6 per cent less than the non- 
conductmg membrane enclosed volume m ten unfertilized suspen- 
sions, and 2 6 per cent less m twenty fertilized suspensions, while the 
fertfiization membrane enclosed space averaged 32 per cent greater 
than the non-conductmg membrane enclosed volume 

Membrane Capacity 

The membrane capacities, Cn, have been determmed for eleven 
suspensions of unfertilized and seventeen suspensions of fertilized eggs 
by the equation (Cole, 1928 a). 
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Here k is tUe cell constant of the impedance cell, ri the resistance of 
the sea water, and n the low frequency parallel resistance of the sus- 
pension, 0 , the radius of the plasma membrane Co, the low fre 
quency parallel capacity of the suspension due to the membrane was 
found by the method used previously (Cole and Cole, 1936 a) The 
distribution of these capaaties is shown in Fig 5 We are quite 



Fig 4 Fio 5 

Fig 4 Frequenaes per 4 per cent interval ol the ratios of the plasma and 
fertiUzatton membrane enclosed volumes, o, and o, to the non conductmg mem 
brane enclosed volume vn lor unlertihzed and fertilized suspensions The mean 
values are indicated above each group 

Fig 5 Frequencies per 0 2 id /cm * interval of the membrane capacities of 
unfertilized, f/, and fertilized, F, eggs 

unable to explam the high capacity of one unfertilized batch of eggs 
which was the last of the season However, ignoring this value, we 
obtain average membrane capacities of 0 86 /if /cm ’ before fertihza 
tion and 3 3 jif /cm ’ after fertilization 

Internal Resistance 

The mtemal resistances of the eggs may be estimated as has been 
done previously (Cole, 1935) from the high frequency extrapolation 
obtamed by neglectmg the highest frequency pomts as mdicated by 
the dotted hnes m Figs 2 and 3 
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For the unfertilized eggs an average value of 5 7 tunes the resistance 
of sea water is obtained from ten suspensions Twenty fertilized 
suspensions gave 7 2 tunes sea water 

InterpretaUoii and Dzsctisston 

The non-conducting volumes of both the unfertilized and fertilized 
eggs were slightly larger than the plasma membrane volumes even 
though the outermost visible edge of the latter membranes was 
measured This fact and a statistical analysis both give us reason to 
believe that the differences involved are within the expenmental 
limits, and one may then say that the high resistance membrane is 
either at, or very close to, the plasma membrane m both the unferti- 
lized and fertilized egg Both because the fertilization membrane 
volume is significantly larger than the non-conducting volume and 
because the latter is httle, if any, different from the plasma membrane 
volume, it is quite improbable that the resistance of the fertilization 
membrane and periviteUme space is appreciably different from sea 
water As a consequence, it seems practically impossible for the 
fertilization membrane to show a measurable capacity The capacity 
change on fertilization must then take place at or very near the 
plasma membrane, and the picture previously presented is untenable 
On fertihzation it nught be assumed either that one of two closely 
adjacent membranes became completely permeable or that the 
structure of a single membrane so altered as to increase its capacity 
But there seems to be no basis for a choice between these two and 
probably several other possibilities 

We are still faced with the unpleasant necessity of explaining the 
large intermediate frequency effect in the earlier fertihzed egg data, 
and, for that matter, the smaller effect which still persists The sim- 
plest and most obvious explanation is that the fertilized suspensions 
were not homogeneous, but contamed unfertihzed eggs or eggs having 
unfertihzed membrane capacities Some support is given to this 
explanation by the data on a smgle fertilized Arbacta egg (Cole and 
Curtis, 1938, Fig 3), which showed no intermediate frequency effect 
Calculation shows that m the earher work on Arbacta and Htpponoe, 
it Mould have been necessary for 25 to 35 per cent of the eggs to have 
had unfertihzed membrane capacities Unfortunately, there are no 
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data available on the development of these eggs, but it is believed that 
the percentages of unfertihzed eggs were considerably lower than these 
figures 

On the same basis we calculate from 90 to 100 per cent of fertilized 
eggs from the present data on suspensions which showed better than 
90 per cent fertilization and early detclopmcnt There is not a 
complete agreement between the two sets of values as is illustrated 
by the suspension of Fig 3, which showed better than 99 per cent 
development in the 16 cell stage The impedance locus shows the 
largest mtermediate frequency effect which was found m tlie present 
■work, correspondmg to only 90 pet cent with fertilized membrane 
capacities We are then left with the possibility that a few eggs 
may show normal early development but still retain the “unfertilized" 
membrane capacity after fertilization 

It IS difficult to mterpret cither the absolute values or the change 
of the mtemal resistance on fertilization until it is possible to make 
measurements at considerably higher frequencies than have been 
used m this work There is an mdication that the highest frequency 
phenomenon is not dependent upon the mtegnty of the cell 
It should be pomted out that the 90° phase angle which is found at 
lower frequencies means that there is no wide vanabihty of membrane 
capacities among the eggs from a single female It is found that 
apparent phase angles less than 90° can be obtained when there is a 
statistical distribution of the product Cuo among the eggs m the 
suspension (Cole and Curtis, 1936) We may conclude that the 
statistical variation of membrane capaaties is no greater than the 
vanation of diameters of the eggs from a smgle female 
There is as yet no certam explanation for the low phase angles which 
were first found m this work It may be that these are charactenstic 
of early season eggs, but it seems more likely that they are a result of 
mjury In either case it is not possible to say for certam either that 
every egg had a membrane phase angle less than 90°, or that every 
egg had a 90° phase angle, while the membrane capacities and diam- 
eters varied from one egg to another so that the apparent phase angle 
of the “average” egg was less than 90° The fact that smgle eggs 
with phase angles less than 90° have been measured (Cole and Curtis, 
193S) argues agamst the latter explanation If injury does cause the 
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membrane phase angle to fall below 90°, the results m the first Arbacta 
paper (Cole, 1928 b) may m part be explamed as the result of injury due 
to stirrmg the suspensions by bubbhng 

SUMMARY 

From the low frequency alternating current impedance and the 
volume concentrations of suspensions of Arbacta eggs, it is shown that 
the high resistance membrane is either at or very near the plasma 
membrane for both unfertilized and fertilized eggs, and that the 
specific resistances of the perivitellme space and fertilization mem- 
brane are not greatly different from that of sea water The effect of 
the capacity element which appears after fertilization at intermediate 
frequencies is considerably less than in the earlier experiments on 
Arbacta and Etpponoe eggs 

These findings mdicate that the fertilization membrane does not 
have the high capacity previously attributed to it and that the 
increase in membrane capacity takes place at or near the plasma 
membrane 

We are very much mdebted to Dr H J Curtis for his assistance 
in this work 
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(Accepted for pubUcation, November 22, 1937) 
INTRODUCriON 

It was first shown by FncLe (192S) that it is possible to calculate 
the electrical capacity of the membrane and the resistance of the 
mtenor of the red blood cell from impedance measurements made on 
suspensions of the cells Smee then these properties have been deter- 
imned for many different types of cells with constantly improved 
methods of handhng the suspensions, of measunng their impedance, 
and of mterpreting the results Although it is now possible to work 
with as httie as 0 1 cc , the use of suspensions has definite hmitations 
In its simplest form the analysis of the paths of the current flow, 
which forms the basis of the technique of mterpretation, requires that 
the cells of the suspension shall be uniformly distnbuted, and shall 
all be identical spheres with identical electneal properties As the 
theoiy becomes more compheated, it is possible to deal with cells 
havmg spheroidal form and, less satisfactorily, with suspensions m 
whicli the capacity and resistance vary from cell to cell Also, the 
mterpretation should not be expected to be valid above a 60 per cent 
volume concentration of cells m the suspension, but, on the other 
hand, the measurements become ratlier difficult when the volume 
concentration is less than 10 per cent There are many cases where it 
IS difficult or impossible to obtam 0 02 cc of identical cells and to 
maintain them m a uniform 20 per cent suspension For them a tech- 
nique requirmg only a smgle cell would be very valuable, and although 
a few of the large unicellular plants have been measured mdividually, 
(Blmks, 1936, Curtis and Cole, 1937), the metliods used ate not easily 
adaptable to smaller cells 

* Aided by a grant from The Rockefeller Foundation 
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Probably the simplest procedure for measuring a smgle cell is to 
slide a cell into a snugly fittmg capillary tube and measure the un- 
pedance between electrodes at the two ends of the tube 

Method 

To obtain a satisfactory accuracy of measurement it is only necessary that the 
resistance of the electrolyte between the electrodes and the cell shall be relatively 
small, but difficulties are to be expected m the mterpretation of the data A. 
complete theoretical picture of the paths of current flow is more difficult to obtain 
than m the case of a suspension, partly on accoimt of the geometry of the system 
and partly because it is not easy to deteximne the separation between the cell 
membrane and the capillary wall Hov.ever, with the method of measurement 
and rather crude analysis to be outhned, it has been possible to check the method 
v;ith single unfertilized and fertilized whole Arbacta eggs, and obtam preli mina ry 



Fig 1 Line tracing made from a photomicrograph of an unfertilized Arbaaa 
egg m a 48/i capillary 

data on unfertilized and fertilized white Arbacta halves, whole C’wtttigta and 
Chaetoplerus eggs, and unfertilized red Arhacia halv^es 

The end of a clean 2 or 3 mm thm walled glass tube is heated until it doses 
down to a short capillary somewhat smaller than the diameter of the egg to be 
measured The center portion of such a capillary is usually quite uniform m 
diameter and, by the proper choice of the initial wall thickness and diameter, al- 
most any desired diameter and length of capillary can be obtamed A flat face is 
ground and polished on the outside of the tube so that the capillary may be seen 
without distortion under a microscope 

The outside oi the tube is covered vsth a layer of vaselme to prevent surface 
losses at high frequenaes, filled with sea water, and the capillary end immersed in 
sea water An egg is then placed m the tube and when it has settled to the top oi 
the capillary, the outside water level is raised or lowered to push it to the center as 
sho.’-n in Fig 1 The middle portion of the egg is cylmdncal and the ends are 
nearly hemisphencal When the inside and outside pressures are then equalized, 
the egg will remam m position and in good condition for long penods Platuuz^ 
platmum electrodes are then placed m the sea water mside and outside the tube 
and the impedance between them is measured 
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These measuiements have been made at frequenaes from 1 to 2500 kc (kilo- 
cycles per second) with the Wheatstone hndge which has been described by Cole 
and Curbs (1937) At the end of a frequency run the egg was forced out by rais 
ing the pressure, and a sea water run was made From these data, the senes 
resistance and reactance at each frequency were computed and plotted as the 
impedance locus 

The method is quite good electncally, although these are eriura for frequenaes 
above 2500 kc which prevent the use of higher frequenaes It is often a tedious 
and Utesome task to get an egg satisfactorily pheed in the capillary Some eggs 
are quite dilBcult to handle and, for example every Arbaaa red half w ent mto the 
two cell stage before it could he placed It is expected that the manipulabon can 
be made more posibve and rapid than it is at present 

For the most part the eggs seem to remam m good condition m the capillary 
Only one or two cytolyaed, and a ferblized egg will go into the two and four cell 
stages m the capillary, although it has not been possible to ferbhze an egg m place 
Furthermore several of the Arbacta eggs showed 90 phase angles which suggests 
that they, at least, were quite normal 

DATA AND MTEEPKETATIONS 
Wfule Arbacta Eg^s 

To investigate the possibilities of this single egg method, the first 
data tvere taken on whole unfertilized and fertilized Arbacta pimctulala 
eggs whose characteristics have been determmed from measurements 
on suspensions 

The impedance loa, for a single unfertilized Arbacta egg, shown m 
Fig 2, and for a single fertilized rirhacro egg, shown m Fig 3, have the 
same form as the loci for suspensions of these eggs when they are 
found m good condition These loa show that either egg can be 
represented over a wide frequency range by eqmvalent arcuits havmg 
a single capacity and two or more resistances, such as the two shown in 
Fig 4 In both of these J?, the resistance of the sea water between 
the electrodes and the egg, has not been measured directly It has 
been ehmmated for either circuit by subtractmg from the measured 
resistance of the capillary when filled with sea water, the calculated 
resistance of a cyhnder of sea water having the diameter of the capil- 
lary and the volume of the egg At very high frequenaes, where the 
membrane impedance is negligible, the specific resistance of the egg 
mtenor is computed by assummg the egg to have this same cyhndrical 
form On the other hand, at low frequenaes, it will be assumed that 
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the membrane impedance of the egg is so high that the current density 
in the exposed hemispherical ends of the membrane is essentially 
uniform The effective membrane area at each end will then be that 
of the hemisphere and the membrane capacity and resistance for a 
unit area will be computed on this basis 

Iio^ 



Fig 2 Fig 3 

Fig 2 Impedance locus, senes resistance, 2?,, vs senes reactance, X,, for a 
single unfertilized Arbacia egg Frequencies indicated are in kilocycles per 
second 

Fig 3 Impedance locus, senes resistance, R„ vs series reactance, for a 
single fertilized Arbacia egg Frequencies indicated are in kilocycles per second 


a 


b 


Fig 4 
the egg 



Equivalent circuits for a single egg (o) Assuming no leakage around 
(b) Assuming cell membrane to be non-conducting 


If we now assume that there is no current leakage around the egg, 
m circuit a of Fig 4, and Ca represent the resistance and capacity 
of the two hemispherical end portions of the membrane in senes, and 
ra IS the resistance of the intenor The computed membrane capaci- 
ties are 1 4 and 3 15 /if /cm - for two unfertilized eggs and 16 and 
43 juf /cm 2 for two fertilized eggs, and the membrane resistances are 
1 3 and 13 ohm cm = for the unfertilized and 0 17 and 0 41 ohm cm ' 
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for tlie fertilized eggs These capacities are much larger than those 
obtamed from measurements on suspensions while the membrane 
resistances are so low that they should have been detected m suspen- 
sion measurements 

Gomg to the other extreme, wc may assume that the membrane 
resistance is so high that at low frequenacs all the current flow is 
around the egg In this case, which is represented by circuit 6 of Tig 
4, Rb IS the resistance of the sea water between the membrane and tlie 
capillary wall, Ci the capacity of the membrane, and ri the resistance 
of the intenor Ci is then computed from the low frequency parallel 
resistance J?o and capaaty Co by 

a =• (Rl/R‘)Cb 


TABLE I 

ilmbranc Capacity and Internal Resistance af Whole Arhacia Epps Compulei m 
the Basts of Circuit b of Ftp 4 


! 

1 Uanbnnc capacity 

Interul tcsUtaace 


pl/aa) 


UoiciUUzed 1 

1 03 

90 

7 05 X sea water 


1 17 

90 

7 7 X 

Fcrtiiiaal 


90 

30 X 


luH 

87 

7 2 X ‘ 


When Ci has a phase angle less than 90°, it is corrected to the char- 
actenstic frequency Ri and n are detemuned by the low and high 
frequency extrapolations The results from the calculation of tlie 
data on this basis are given in Table I, and tiiey are not only self 
consistent, but m quite good agreement with those obtamed from 
suspensions Primarily for this reason we shall assume that, as a 
first approximation, the current flow at low frequency is entirely 
around the egg and not through the membrane 

Arhacia Sahes, Cumttigta, and Chaelopterus Eggs 
The few measurements which have been made on cells not previ 
ously measured are given m Table II The Arhacia halves were 
available through the courtesy of Dr Ethel B Harvey (1932), and 
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the Cumingta and Chaetoptenis eggs were obtained by the usual 
techniques 


DISCUSSION 

Without a complete analytical solution for the current flow, it is 
difficult to determme the errors due to the approximations which have 
been made It seems prol^ble that the assumption of the cylmdncal 
form for the estimation of R and the resistance of the mterior does not 

TABLE n 


Membrane Capacity and Internal Resistance of Various Marine Eggs CompiUed on 

the Basts of Circuit b of Fig 4 



Membrane capacity 

Internal resistance 


lit /cm ’ 






Arbacta hakes 







Red unfertilized 

0 62 

90“ 

14 5 

X 

sea water 

« (( 

I 4 

80“ 

17 6 

X 

tl 

tt 

« H 

2 15 

89 5“ 

29 7 

X 

(t 

tt 

1C (< 

2 29 

90“ 

31 

X 

tt 

tt 

\Vlute unfertilued 

0 64 

— 


— 



« <C 

0 625 

O 

00 

5 0 

X 

ti 

tt 

tl ft 

0 635 1 

90“ 

5 0 

X 

tf 

tt 

“ fertilized 

2 25 

87 5“ 

5 1 

X 

It 

tt 

Cumingta 

Unfertilized 

2 68 

' 90“ 

' 7 25 X 

tt 

tf 

Fertilized 

2 05 

90“ 

6 58 X 

tt 


(( 

2 62 

— 


— 



Chaetoptenis 

Unfertilized 

1 15 

82“ 

7 8 

X 

tt 

tt 

Fertilized 

1 32 

— 





tl 

1 08 







involve an error of more than 5 per cent The use of the hemispher- 
ical caps for the calculation of membrane capaaty and resistance 
seems quite permissible when the space between the egg and the 
glass wall is small, but othenvise it is difficult to justify Smce 90 
phase angles are found, it is quite probable both that the current 
density is umform over the effective area and that the effective area 
changes relatively httle with frequency At the present time, prob- 
ably the most satisfactory justification of these approumations is 
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the fact that they lead to the previously determined values for the 
Arbacta eggs 

The assumption of a high membrane resistance also is more attrac- 
tive because it leads to reasonable numerical values, and there are 
other observations which are consistent with it When an unferti- 
lized egg with some adherent jelly is placed m the capillary, the low 
frequency resistance is usually quite low When the egg is run up 
and down in the capillary several tunes the resistance becomes pro- 
gressively higher and it can be seen that the egg comes closer and 
closer to the capillary wall Assuming that all the current flows 
through the membrane, we are forced to the conclusion that such an 
egg starts with a very low membrane resistance and high membrane 
capaaty, and that the membrane resistance mcreases and membrane 
capacity decreases during this process On the other hand, assuming 
a non conducUng membrane, the membrane capacity remains con- 
stant throughout and the calculated separation between the mem- 
brane and the capillary wall decreases Thus the latter assumption 
not only leads to a picture which is mote reasonable, but also agrees 
with the microscopic observations 
A membrane resistance of 2S ohm cm ’ or less should give a difference 
between the actual and the non-conductmg volume concentration 
on the suspension measurement of more than 1 per cent Although 
the spread of these differences in the precedmg paper (Cole and 
Spencer, 1938) is large, the average is so nearly zero it seems unlikely 
that any low values of membrane resistance are to be expected On 
the other hand, the highest low frequency resistance yet found for a 
smgle egg, over 800,000 ohms, would correspond either to a membrane 
resistance of 13 ohm cm * or to a layer of sea water aboutO 2 p thick 
between the membrane and its capillary wall The former possibility 
thus seems improbable while the second is very difficult to disprove 
Turmng to the fertilized eggs, it was always found that m the capil 
lary they had a relatively low resistance, and behaved and looked 
like an unfertilized egg with considerable jelly Assummg a non 
conductmg plasma membrane and a completely permeable fertilization 
membrane, we arrive at acceptable values for the thickness of the 
penvitelhne space, and as shown m Table I, for the membrane capacity 
and mtemal resistance 
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It is fairly certain, on the basis of these single egg observations that 
the plasma membrane resistance of both unfertilized and fertilized 
Arbacia eggs is at least considerably greater than the 25 ohm cm- 
hmit justified by the suspension data It should be understood, 
however, that the assumption of a completely non-conductmg mem- 
brane, which has been used m the mterpretation of the data, m no 
way demes an lomc permeabdity to the membrane It merely means 
that at low frequencies for measurements of this particular type on 
smgle eggs and for measurements on suspensions, the current flow 
through the membrane is so small that it is not possible to detect the 
difference between a sufficiently small lomc permeabihty and none at 
aU 

Although an eqmvalent constant phase angle of less than 90° can 
result from a statistical distnbution of static membrane capacities 
among the cells of a suspension, the occurrence of low phase angles for 
smgle eggs demonstrates that a phase angle of less than 90° can be an 
inherent characteristic of the egg cell membrane 

The data on fertilized eggs are entirely consistent with a complete 
lomc permeabihty for the Arbacta fertilization membrane and an 
mcreased plasma membrane capacity Companng the unpedance 
locus for the fertilized egg, shown m Fig 3, with the corresponding 
locus m the previous paper (Cole and Spencer, 1938), it will be seen 
that there is no deviation from the circle at mtermediate frequencies 
as there is on the curve for a suspension This deviation is discussed 
at some length there, and it is pomted out that at least part of it 
could be explamed as bemg due to non-uniformity of the material 
If further experiments on smgle eggs verify this one experiment in 
showing no deviation at mtermediate frequencies, they will lend 
rather conclusive support to the non-unifonmty postulate 

There are sufficient data on the half Arbacta eggs to indicate quite 
definitely that the membrane capacity for the red half is considerably 
higher, and for the white half somewhat lower than for the whole egg 
It also seems that the granules m the red half mcrease the internal 
resistance more than does the oil of the white half It is poasible 
that the cause of the unexplamed high frequency effect shown b> 

Vi hole eggs is primarily transferred to the red half on separation, ut 
the highest frequency data are too uncertam to prove this as yet 
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The unfertilized Chaetoptcms egg showed a membrane capaaty 
slightly higher than the average for other forms, and that of Cumwgta 
was even higher In these forms, the apparent equality of the capac- 
ities before and after fertihzation is of considerable mtcrest, but should 
be substantiated by further measurements 

SUMMARY 

Altematmg current impedance measurements have been made on 
several smgle manne eggs over the frequency range from 1 to 2500 
kilocycles per second The eggs were placed m the center of a short 
capillary made by heatmg the end of a 2 mm thm walled glass tube 
until It nearly closed, and electrodes were placed in the sea water on 
each side of the egg 

When it IS assumed that the membrane conductance is negligible, 
the membrane capacity and mtemal resistances of unfertilized and 
fertihzed Arbacta eggs agree with the values obtamed from suspen- 
sions Prehmmary data on centnfugally separated half Arbacia 
eggs, and whole Cummgta and CItaetopterus eggs are given 
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FORMATION OF TRYPSIN FROM TRYPSINOGEN BY 
AN ENZYME PRODUCED BY A MOLD 
OF THE GENUS PENICILLIUM 

Bv M KUNTTZ 

(From (/« Lahoratona oj The Reckcfellcr ItuiiliUe for Medical Research, 
Princeton, New Jersey) 

(Accepted for pubbcation, November 19, 1937) 

An aqueous solution of crystalline ttypsmogen on standmg changes 
autocatalytically into active trypsin without the addition of any 
activator (Unase) Addition of ammonium sulfate or magnesium 
sulfate to a solution of trypsmogen greatly accelerates the rate of 
formation of trypsm as does also the addition of enterokmase or active 
trypsin (1) The “spontaneous” autocatalytic formation of trypsin 
from trypsmogen, as well as the acceleratmg action of salts, entero 
kmase, or active trypsm takes place best m the range of pH 7 0-9 0 
Very httle if any trypsm forms m an acid medium at a pH less than 
4 0 even with the addition of large amounts of enterokmase or active 
trypsm Pure trypsm gradually digests itself m a shghtly alkalme 
medium (2) , hence the formation of trypsm at pH 7 0-9 0 is generally 
accompanied by a considerable loss of the trypsm formed This 
paper describes the formation of trypsm from crystaUme trypsmogen 
by means of a new trypsmogen kmase produced, as we acadentally 
discovered, by a mold of the genus Pcmctlhum ‘ It differs markedly 
from enterokmase m that it brmgs about the transformation of tryp 
smogen into trypsm most rapidly at pH 2 5-4 0 In this range of pH 
trypsm is very stable Hence the formation of trypsm at pH 2 S-4 0 
by the new kmase is not accompanied by any measurable autolysis 
of the trypsm formed 

The action of the mold kmase m the process of transformation of 
trypsmogen mto trypsm is that of a typical enzyme The process 

‘ Tbe presence of a trypsmogen kmase m bactena and m a few poisonous mush 
rooms has been reported as early as 1902 see Delezeime, C , Cornet rend Soc bwl 
64,998,1902 66,27,1903 ' 
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follows the course of a catalytic unimolecular reaction, the rate of 
formation of trypsin bemg proportional to the concentration of kinase 
used The ultimate amount of trypsm formed, however, is inde- 
pendent of the concentration of kmase used 

Active trypsin produced by means of mold kmase has been crystal- 
lized It appears to be identical in crystalline form with the crystal- 
hne trypsin produced autocatalytically from crystalline trypsinogen 
at pH 8 0 The two products have, withm the experimental error, 
the same solubility and specific activity 

Mold kmase is most conveniently obtamed by cultivatmg the 
Pemcilhim mold m a synthetic hquid medium of pH about 4 0 The 
kmase appears in the medium and its concentration increases during 
the growth of the mold and continues to increase for some tune even 
after the mold has ceased growmg, so that there is no constant rela- 
tion between the concentration of the kinase m the medium and the 
weight of the mold 

Mold kmase is rapidly destroyed at pH 6 5 or higher and any culture 
medium of the Penmlhum orgamsm of pH above 6 5 fails to show the 
presence of any kmase activity 

Mold kmase is mactivated when heated at temperatures above 50°C 
even at the pH of its maximum stability The critical thermal incre- 
ment for the process of heat mactivation at 50°C and 60°C is m — 
53,500 calories which is comparable with that of denaturation of 
protems (3) and of inactivation of trypsin (4) and enterokinase (5) 
When heated at 70°C mold kmase is completely mactivated within 5 
mmutes 

The molecular weight of the mold kinase as determmed by diffusion 
is about 40,000 It does not diffuse through an ordinary collodion 
membrane 

The high temperature coefficient of mactivation of mold kinase as 
well as its high molecular weight suggest a possible protem nature 
for the molecule of mold kmase 

EXPERIAIENTAL 

I Some Properties of Mold Kinase 

1 Cultivation of the Pemcillium Mold —The mold was ongmally 
isolated from an old non-stenie stock of ir/400 hydrochloric acid which 
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showed slight activating power when mixed with a solution of crystal- 
line trypsmogen and which contained a shght growth of mold on 
the bottom of the container The mold was cultivated first on potato 
agar medium, smgle colonies of the organism on the plate were re- 
peatedly transferred to fresh medium Smgle spore preparations of 
the organism were finally obtamed ^ The pure culture* of the organ- 
ism was henceforth propagated on a hquid medium consisting of 


Sucrose 

7 20 gm 

Dextrose 

3 60 “ 

MgSO* (crystals) 

X 23 “ 

KHJPO^ 

13 62 " 

RNO« 

2 00 “ 

H,0 

1000 ml 


The medium was distributed in 250 ml Pyrcx Erlenmeyer flasks 100 ml m 
each flask, and autoclaved for 1/2 hour at 15 pounds steam pressure 1 0 ml of 
concentrated lactic aad was then added to each ilasL The flasks nerc inoculated 
with 1 0 ml of a uniform suspension of spores and the mold was allowed to grow 
at a room temperature of about 20 C 

Z EshmaUon of Mold Kxnase The Mold Ktnasc Umt [M KU ] — 
The quantity of mold kinase m any sample is expressed in terms of the 
veloaty with which it transforms crystalline trypsmogen mto trypsm 
under standard conditions 

One mold kinase unit, 1 [M K U ], is defined as the amount of kinase 
that bnngs about the activation of 0 065 mg of crystalhne trypsmogen 
at the rate of umty (100 per cent) per umt of time (1 hour) at pH 3 4 
and at 35°C 

The isolation and cultivation of single spores was kindly done for us by Dr 
Arnold J Ullstrup of the Department of Plant Pathology of The Rockefeller 
Institute for Medical Research Prmceton, New Jersey 

* A pure culture of the organism was submitted for identification to Dr Charles 
Thom of the U S Department of Agnculture at Washmgton, D C Dr Thom 
stated that the organism is a member of the genus Pcmcxlhum belonging to the 
verv questionable group designated as lanata-dxvancata with characteristics 
nmnmg all the way from nmpUcissxmum through jc«//rindlMw to soppi, the exact 
stram being very difficult to determme ’ 

Dr Selman A Waksman of the State of New Jersey Agncultural Experiment 
Station kindly tested the organism for production of atne acid, which he found to 
be negative 
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The rational derivation of the defimtioii of the unit is discussed in 
the section of this paper which deals with the kinetics of formation of 
trypsin, where a standard method is also described for the detemuna- 
tion of the number of [M El U ] in a sample of mold kmase The 
standard method involves a large number of measurements For 
practical purposes the foKowmg simplified procedure was developed 

Activation mixture 

1 0 ml sample of kinase, plus 

3 5 mi M/10 citrate buffer pH 3 4, plus 

0 5 ml of stock ciystallme ttypsinogen in ii/200 HCI contammg 0 65 mg 
protem per ml (0 1 mg protem nitrogen per ml ) 

The activation mixture is placed for 30 mmutes m a water bath at 35°C 1 0 

ml of the mixture is then added to 5 0 ml urea-hemoglobm and its active tiypsm 
content, [T U j®**, is determined as desenbed by Anson and Jlirsky (6) The 
number of mold kinase umts [M K U J per ml activation mixture correspondmg 
to the number of P' U I®* measured is then read off a standard curve The 
standard curve is obtamed by plottmg the data of [T U j®’ [M K U 1 for a 
senes of activation mixtures contammg vanous dilutions of a stock of mold kinase 
of known (M K U ] content, as determmed by the standard method 

J The Rale of Acciimulalton of Mold Kinase in the Pentcillum Citllnre Medium 
— ^A senes of 250 ml Pyrex Erlenmeyer Masks, each contammg 100 ml of stenhaed 
hquid medium, was moculated with 1 0 ml of a uniform suspension of Penicilluim 
spores and kept at 20°C At defimte mtervals of time, the contents of mdividual 
flasks w ere Mitered through dried and weighed lyhatman Xo 42-9 cm filter paper 
The filtrate m each case was used for analysis for its kmase and phosphate content, 
whde the mold residue on the paper was washed several times with distilled water 
and then dned on the filter paper for 24 hours at 100“C and weighed The 
phosphate values were used as a basis to correct the data for the concentration of 
the kmase per millili ter of medium for losses m volume due to evaporation The 
pH of the medium rises gradually durmg the later stage of the growth of the mold 
even in the presence of ii/lO KH 2 P 04 Hence concentrated lactic acid m doics of 
1 0 ml per flask was added whenever indicator tests showed that the pH bad 
nsen above 5 6 

Fig 1 shows that the curve for the growth of the Pemcillnim organ- 
ism as v/ell as the curve for the accumulation of kmase are of the form 
typical for growth of microorganisms m a limited amount of nutntive 
medium The accumulation of kmase m the medium proceeds mi- 
tially at a very slow rate as compared wath the rate of growth of the 
mold, but It becomes very rapid at the time when the mold reaches its 
final growth The maximum rate of mcrease of the concentration 
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of the kinase m the medium comades approximately with the tune 
of spore formation by the mold The concentration of kmase m the 
meihum conUnues to mcrease for some time even after the mold has 
stopped growing Thus there is no constant relation between the 
rate of growth of the organism and the rate of accumulation of kinase 
m the medium A similar observation was made recently by Scnbner 
and Krueger (7) for the rate of growth of phage and bactena, namely 
that under certam conditions there is a contmuous mcrease in the 
concentration of phage m the medium for some tune after the bactena 
have ceased to multiply 



Fig 1 Rate of formation of trypsmogen kinase m the culture medium of 
PentciUtum 

The rate of enzyme fonnation in cultures of microorganisms depends 
on experimental conditions and may be either proportional to or mde 
pendent of the mcrease m the number of organisms •* 

4 StabilUy of Mold K\na5e at Various pH — ^Mixtures were made of 
1 0 ml kmase containmg 500 [M K U 1 plus 
1 0 mL of ir/10 buffer solutions of vanoua pH, plus 
3 0 ml H 2 O Left at 25 C 

Samples were measured for pH and kmase content immediately after mmng and 
agam after 1 5 hours 


•* Cf Yudkin, J Btol Rev Cambridge Pint Soc 1938, 13, 93 


A 
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The results are given in Fig 2 winch shows that mold hmase is qmte 
stable between pH 2 0 and 6 0 and is very rapidly destroyed at pH 7 0 
Mold kinase thus differs from enterokmase which has an optimum 
stabihty in a region extenduig from pH 6 0-S 0 (8) 

5 Inactivation of 2Iold Kinase by Heat — jMold kmase is completely 
inactivated within 5 minutes when heated at 70°C At lower tem- 
peratures the inactivation proceeds at a measurable rate Fig 3 
shows the curves for inactivation at 50°C and 60°C of dialyzed mold 
kmase made up in ir/50 KH^POj and contaimng about 6[M KU ] per 



Fig 2 Stability of mold Lmzse at \-3nou3 pH 


ml The mactivation at both temperatures e\udently follows a 
unimolecular course in accordance with the equation 



which when mtegrated gi'ves 


-if} „ 

la — = it; 
±r 


( 2 ) 


J/o = initial concentration of kmase 
JLf = concentration of kmase at an\ time t 
K — veloat} constant or inacti\ation 
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K IS the slope of the straight hne obtained when values for In ^ are 


plotted against corresponding I values The curves show that the 
veloaty constants for inactivabon of mold kmase pH 4 0 at 50°C and 
60°C arc 


Kia ~ 0 0073 pet minute 
iCto = 0 088 per mmute 



Fig 3 Rate of inactivation of mold kinase at 50°C and 60°C Qu •• 12 1 
n =■ 53 500 calones per mol 

with a temperature coefficient of Qt„ = 12 1 
Substitutmg In ^ m Arrhenius equation 


iifr.-r.) 
Si“ 2 r.r, 


(3) 


we get a value for “the cntical thermal mcrement” of inactivation of 
mold kmase 


/4S-W “ S3 500 calones per mol 
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which IS of the same high order as that obtamed for denaturation of 
proteins and of mactivation of enzymes 

6 CJiemtcal Nature of Mold Kinase Molecular Volume —We have 
not made as yet any serious attempt to isolate the mold kmase m pure 
form Prehmmary studies showed that the kmase can be purified to 
some degree by dialysis and fractional precipitation with ammonium 
sulfate It is non-volatile and can be concentrated by vacuum dis- 
tillation at about 35°C 

The rapid inactivation of mold kmase when heated to 70°C as 
well as the high temperature coefficient of inactivation suggest a 
possible protein nature for the molecule of mold kmase which is m 
agreement with its high molecular volume of 31,000 cm ^ and molecular 
weight of 41,000 gm (assummg a density of 1 3) as determmed by the 
diffusion method of Northrop and Anson (9) The value of the diffu- 
sion coefficient is 


n = 0 05 cm Vday at 10‘C 

II Formation of Trypsin from Crystalline Trypsinogen by Mold Kinase 

1 Effect of pH on Rale of Formation — ^Activation mixtures were made con- 
sistmg of 

1 0 ml mold kmase solution contaming 50 [M K U ] per ml , plus 

3 5 ml ii/lO citrate buffer of vanous pH, plus 

0 5 ml of 0 065 per cent solution of crystallme trypsinogen m Ji/200 HCl 
Mixtures were allowed to stand for 30 minutes at 35°C The amount of formed 
trypsin in each mixture was then determmed by the hemoglobin method 

The results are given m Fig 4 which shows that mold kmase, unlike 
enterokinase, transforms trypsmogen mto trypsm m an acid medium 
only, the range of pH favorable for the reaction extending approxi- 
mately from 2 0-4 5 with a region of optimum rate at about pH 3 4 

2 Effect of Varying the Concenlralion of Mold Kinase on the Extent of Formation 
of Trypsin from Trypsinogen —A senes of activation mixtures was made each one 
contammg 

1 0 ml of stock of 0 065 per cent of crystalhne trypsmogen, plus 

8 0 ml of ii/10 citrate buffer pH 3 4, plus 

1 0 ml of vanous concentrations of mold kmase made up m 

buff’er pH 3 4, the conceatrations varying from 0 75 - 7 5 (M K U J 
per ml 
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The mixtures were left at 4*0 Samples of 1 0 ml of each mixture were tested 
at vanous times for tryptic activity 



Fig 4 Effect of pH on rate of activation of crystalline trypsmogen by mold 
kmase 



crystalline trypsmogen at pH 3 4 and 5*C 


Fig 5 gives the results of the measurements It is evident that the 
rate of formation of trypsm mcreases with the increase m concentra 
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tion of kinase used, but the ultunate amount of trypsm formed is 
mdependent of the concentration of kmase added The same senes 
was repeated with a concentration of trypsmogen 20 times as high as 
that used m the first senes The result appeared to be the same, thus 
proving that the kmase m its action resembles a typical catalyst 

3 Is Formaltoii of Try pstn Accompanied by Loss of Protem?—lt 
had been observed that dunng the process of autocatalytic formation 
of trypsm from crystalline trypsmogen at pH 7 6 there is a gradual 
loss of protem as measured by the amount of precipitate formed on 
addition of tnchloracetic aad This loss may be due either to autolysis 
of the trypsin formed, which is known to take place readily at pH 7 0 
or higher, or to a possible cleavage of the trypsmogen molecule dunng 
the reaction The change of tiypsmogen mto trypsm by mold kinase 
at pH 3 4 is accomplished under conditions where no autolysis of the 
trypsm formed can take place,® and any possible loss of protem m the 
activation mixture consequently could be attnbuted to a partial 
hydrolysis of the trypsmogen molecule dunng the process of activation 

A preliminary experiment showed, however, that there is no meas- 
urable loss of protem when crystallme trypsmogen is activated by mold 
kmase at pH 3 4 and 5°C 

4 Kinehcs of Formation of Trypsin {a) Effect of Varying Con- 
centration of Mold Kinase on the Rate of Reaction — The formation of 
trypsm from crystallme trypsmogen by mold kmase at pH 3 4 is not 
accompamed by any autocatalytic formation of trypsm This is due 
to the fact that tiypsm is mactive at this pH The tune rate of 
formation of trypsm by the mold kmase follows the course of a cata- 
lytic ummolecular reaction, and is expressed by the differential equa- 
tion 

^ = KM(4.-A) 
at 

v\here K equals velocity constant, M is the mitial concentration of 
kmase m the activation mixture which, like any other catalyst, re 

‘ A slight hydrolysis of the trypsin formed takes place n acUvation proceeds 
at 35°C or higher due to the acUon of a very v.eaL proteolytic eiiz>Tne 
found to be associated vntfa the mold km a s e, libe kmase the optunum p ran^je 
oi the proteoI>tic activity is between 3 0-4 0 Its effect on the 
becomes neghgible if acti\’at 2 on is accomphshed at a temperature of 5-1 
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mams unchanged dunng activation, A is the concentration of trypsin 
m the activation mixture at any tune t, and A , is the final concen- 
tration of trypsin when the activation is complete {A, — A — con- 
centration of trypsmogen at any time t ) IVhen mtegrated equation 4 
becomes 

In = (KSI)t (S) 

A — A 


{Kil) being the slope of the straight line obtamed when the values of 



are plotted agamst the corresponding values of t 


Tig 6 shows the experimental time rate curves for the activation 
at 35°C of adefimte amount of crystalhne trypsmogen by two concen- 
trations of mold kmase m the ratio of 1 0 to 2 5 The experimental 
pomts m each case are on a straight Ime except for the shght deviation 
of the last few pomts due to the action of the proteolytic enzyme 
associated with the kinase (see footnote S) The slopes of the straight 
lines are proportional to the concentrations of kmase used, namely 


and 


KUi = 0 013 per miaute 
Kill = 0 032S ‘ ‘ 


KUi 

KMi 


= 25 


(i) Efecl of Varying the Concmlralton of Trypsmogen on the Velocity 
Constant of Formation of Trypsin — Equation 5 predicts that for any 
given concentration of kmase the veloaty constant K should be inde 
pendent of the magnitude of the imtial concentration of trypsmogen 
used Actually, this prediction does not hold true as has been found 
to be the case with a large number of other enzymes such as urease 
(10), trypsm (11), mvertase (12), etc 
Fig 7 shows the experimental curves for the rate of activation of 
two different amounts of crystalhne trypsmogen by mold kinase at 
pH 3 4 and 6°C , the concentration of mold kmase used bemg idenbcal 
in both cases There is a decrease m the velocity constant as the 




rzG 7 Effect of concentration of trypsinogen on the velocity constant of the 
formation of trypsin by mold kinase 
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concentration of trypsmogen used is increased The veloaty constant 
IS reduced SO per cent for a tenfold increase m initial concentration of 
trypsmogen 

AcUvaUon mixtures used 
14 0 ml u/10 citrate buffer pH 3 4, plus 

4 0 ml solution of mold kmase contammg IS (M K.U ) per ml, plus 
2 0 ml solution of crystallme trypsmogen m 11/200 HCl contammg either 
1 0 or 0 1 mg protem mtrogen per ml 

Mixed cold and left at 6 C Samples tested for tryptic activity at vanous mter 
vals of time. 


(c) The Equation Jor the Kinetics of Formation of Trypsin As a Basis 
for the Definition of the Mold Kinase Unit [J/JC U ] — ^The numerical 
value of the velocity constant K for the rate of formation of trypsin 
from crystallme trypsmogen by mold kmase as given m equation 4 
depends on the value of the unit chosen to eicpress the magnitude of 
the kmase concentration M K can be made equal to unity by choos- 
mg the appropriate umt for M Wntmg equation 4 m the form of 


where G is the concentration of trypsmogen at any tune 1 and puttmg 
JC = 1, we get 


M equals unity when 


Gdt 


1 


» e , when the activation proceeds at the rate of 100 per cent per umt of 
time (under specified conditions of temperature, pH, and imtial con- 
centration of trypsmogen) The standard activation mixture used 
m our studies consisted of the following 

1 0 ml of a solution of crystallme trypsmogen m sr/200 HCl contammg 0 I 

mg protein mtrogen per ml , plus 

2 0 ml of solution of kmase pH 3 4, plus 

7 0 ml of u/10 atrate buffer pH 3 4 
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Activation was aUowed to proceed at 35“C The hour was taken as the unit of 
time The definition of the mold kinase unit under these conditions is as follows 
One mold kinase unit, 1 [M K U ], is the amount of kinase that brmgs about 
activation of 0 065 mg crystalline trypsmogen (0 01 mg protein nitrogen) at pH 
3 4 and 3S°C at the rate of 100 per cent per hour 

The standard method of determining the concentration of bnase 
in the activation mixture in [M K TJ ] per ml consists in measuring 
the tryptic activity of the mixture at various intervals and then plot- 

tmg the values of In against time The slope of the straight 

line drawn through the plotted points gives the concentration of 
kmase in [M K U ] per ml of activation mixture Thus m Fig 6, 
where the data plotted have been obtained under the standard condi- 
tions mentioned before, the slope of line I is 0 013 per minute or 0>78 
per hour, and the slope of II is 0 0325 per minute or 1 95 per hour, the 
concentrations of mold kinase in the activation mixtures are then 0 78 
[M KU ] per ml and 1 95 [M K U ] per ml correspondingly It is 
evident that this method of measuring kinase activity mvolves the 
determination of tryptic activity of several samples As a general 
routine, only the 30 minute sample is measured and the concentration 
of kinase corresponding to the found value of A is read off a standard 
curve described before It can also be calculated by substituting A 
in the equation 



The value of ^ « is readily determinable for any stock of trypsmogen 
by using an excess of kinase in the activation mixture 

(d) Effect oj Temperature on the Rate of Formation of Trypsin 
Fig 8 shows the curves for the rate of formation of trypsin from 
crystalline trypsmogen by mold kmase at various temperatures The 
activation mixtures used were of the standard type containing 0 01 
mg tiypsinogen protein nitrogen and 0 75 [M K U ] per ml T e 

plotted curves for In straight lines The velocity 

constants were obtained by dividing the values for the slopes of the 
hnes by the value of M = 0 75 When plotted against the reaproca s 
of the correspondmg absolute temperatures the values of In o 
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fall m a straight line, as shown in Fig 9 The calculated temperature 
coefficients Qio as well as the values for /i ate given m Table I The 
temperature coefficient Qio for the range of 25-35°C is much lower 



Fic 3 Effect of temperature on the rate of formation of trypsin by mold 
kmose 


TABLE I 


TmPeralnre Cotfficwil for the Rate of Fomtahon of Trypnn 


Tcmpcfature 

1 ^ 

<?» 

1 ** 

C 

^ hcu 


coJmet per not 

5 

0 32 



5-15 


1 66 

8 100 

15 

0 53 



15-25 


1 51 

7 000 

25 

0 80 



25-35 


1 25 

4 250 

35 

1 oo 




than the temperature coeffiaent of about 1 8 found for the rate of 
digestion of hemoglobm by pepsin (13) or trypsin (14) 

The values of m obtamed here for the formation of trypsm compare 
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butyrate 

peroade by hver catalase ( 16 ) decomposition of hydrogen 



K = 0 0230 + 0 21 


( 6 ) 
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where S = temperature in degrees centigrade The velocity constant 
thus appears to mcrease by a definite amount of 0 023 for a one degree 
nse m temperature Equation 6 can be readily changed mto the 
convenient formula 

K = + 0 11 e) 

where JCo is the value of K at 0°C =0 21 

5 ^Preparation of CrystaUine Trypsin from Trypsiiiogen by Mold Kinase — 30 
ml of dialyzed crystalline trypsinogen contauung 10 mg protein nitrogen per ml 
were mixed with 120 ml u/10 eitrate bnflFer pH 3 4 and 6 ml of solution of mold 
kmase containing 2,000 (M K U 1 per mi The mixture was left at 5 C for 18 
hours Sohd ammonium sulfate was then added so as to bring the solution to 0 7 
saturation The precipitate formed was filtered with suction and washed with 
saturated magnesium sulfate in N/SO sulfimc acid at room temperature Fdter 
cake (7 5 gm ) was dissolved m 7 S ml icc cold 0 4 si borate buffer pH 9 0 and 7 5 
ml saturated magnesium sulfate added Solution was left at 5 C Crystals of 
typical tiypsm needles began to appear rapidly, and the crystallizabon was com 
plete m a few hours The crystals were filtered after 24 hours and the yield was 
3 gm of crystal cake of a specific activity of 0 19 (T U 1^4^01 which is the same 
as found for the purest tiypsm crystals formed from crystailme trypsmogeu hy 
autocatalysis (17) 

The solubibty of the new crystalUne tiypsm m saturated mag 
nesium sulfate at 10°C is the same as that of the trypsm formed from 
trypsmogen by autocatalysis and a solution saturated with the crys 
tals of either one of the trypsm preparations does not dissolve any 
crystals of the other kmd, thus indicatmg the identity of the two 
preparations The new preparation of the crystalhne trypsm gives a 
solubibty curve with saturated magnesium sulfate typical of a pure 
substance, as shown m Fig II Smee the trypsm formed from 
trypsmogen by the mold kmase is the same as that formed by 
trypsm the mold kmase must cause the same change in the molecule 
of trypsmogen as does trypsm 

III Achvattan of Chymo Trypsmogen by PenietUmm Kmase 

In addition to its powerful activatmg effect on trypsmogen mold 
kmase appears to have a slight activating effect on chymo trypsmogen 
The rate of activation of chymo trypsmogen is only about 2 per cent 
of that of trypsmogen Prehimnary experiments mdicate that the 
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optimum pH range for activation of chymo-trypsmogen by the mold 
kmase is the same as for activation of trypsinogen The pH range of 
stability of the kinase is also the same with respect to activation of 
either ch3ano-trypsmogen or tiypsinogen It thus appears that both 
kinase activities are associated with one and the same substance 

Methods 

1 Preparalton of Crystalline Trypsinogen — Method of Kunitz and Northrop 
(18) 

2 Protein Nitrogen hy Turbidity — 5 ml of sample are mixed m ISO X 15 mm 
test tube with 5 ml 5 per cent trichloracetic acid made up in 0 25 saturated am- 
monium sulfate The mtxture is allowed to stand at least 5 minutes at 20°C 
and then placed for 10 minutes m a water bath at 85°C The test tube is immersed 



Fig 11 Solubihty of crystalhne trypsm in saturated magnesium sulfate pH 
4 0 at lO^C in the presence of mcreasing quantities of solid phase 


in the hot water to a depth about 2 0-5 00 mm above the level of the hquid inside 
the tube and is loosely stoppered during the heating The tube is stoppered 
tightly immediately after removal from the bath and left to cool to room tempera- 
ture The turbidity of the well muxed suspension is determined in a Elett photo- 
electric colorimeter (19) against a suspension of the same protein material of a 
known protein nitrogen concentration as determined by Kjeldahl analysis A 
more convenient way is to draw a cahbration curve for the turbidity of severa 
concentrations of the standard solution as read against a glass disk or a solution o 
it/25 copper sulfate in m/10 sulfuric acid This avoids the necessity of preparing 
fresh standards The range is from 0 001-0 005 mg protein nitrogen per 

suspension , r 

3 Tryptic Activity Determinations —The tryptic activity was measu y 
the rate of digestion of hemoglobin as described by Anson and Mira y ( 
that the suspension after the addition of trichloracetic acid was a owe , 

1 /2 hour before filtermg 2 0 ml of 1 per cent of merthiolate in 1 4 per cen 
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were added to each hter of stock of hemoglobin solution, as a preservative, instead 
of toluene The latter has been found to interfere with the measurement of 
tryptic activity 

4 Phosphorus DcUnmnatmi — ^The colonmctnc method of Fiske and Sub- 
barow (20) 


SUlOLtHV 

1 A powerful kinase which changes trypsmogen to trypsin was 
found to be present m the synthetic hquid culture medium of a mold 
of the genus Pcmctffiuiit 

2 The concentration of kinase in the medium is increased gradually 
durmg tlie growth of the mold organism and continues to mcrease 
for some time even after the mold has ceased giowmg 

3 Mold kinase transforms trypsmogen to trypsm only m an acid 
medium It differs thus from enterokmase and trypsm which activate 
trypsmogen best m a shghtly alkaline medium 

4 The action of the mold kinase m the process of transformation of 
trypsmogen is that of a typical enzyme The process follows the 
course of a catalytic ummolecular reaction, the rate of formation of a 
definite amount of trypsm bemg proportional to the concentration of 
kmase added The ultimate amount of trypsm formed, however, is 
mdependent of the concentration of kinase used 

5 The formation of trypsm from trypsmogen by mold kmase is 
not accompanied by any measurable loss of protein 

6 The temperature coefhaent of formation of trypsin from trypsin- 
ogen by mold kinase vanes from Qt-u = 1 70 to Q^-io = 1 25 with 
a corresponding variation m the value of fi from 8100 to 4250 

7 Trypsm formed from trypsmogen by means of mold kmase is 
identical m crystalhne form with the crystalhne trypsin obtamed by 
spontaneous autocatalytic activation of trypsmogen at pH 8 0 The 
two products have within the experimental error the same solubility 
and specific activity A solution saturated with the crystals of either 
one of the trypsm preparations does not show any mcrease in protein 
concentration or activity when crystals of the other trypsin prepara 
tion are added 

8 The PaiKilhiim mold kmase has a shght activatmg effect on 
chymo trypsmogen the rate bemg only 1-2 per cent of that of tryp- 
smogen The activation, as m the case of trypsmogen, takes place 
onlv m an acid medium 
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9 Mold kinase is rapidly destroyed when brought to pH 6 5 or 
higher, and also v/hen heated to 70^0 In the temperature range of 
50-60°C the inactivation of kmase follows a unimolecular course with 
a temperature coefficient of ^lo =12 1 and [x = 53,500 The molecu- 
lar weight of mold kinase, as detenmned by diffusion, is 40,000 

The wnter was assisted in this work by Margaret R McDonald 
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The studies of Gorter (1), Hughes and Rideal (2), Ncurath (3), and 
Langmuir (4) have shown that proteins are capable of formmg surface 
films of a thicLncss and area mdependent of the diameter of the mole- 
cule Dependmg on the pH and salt concentration of the solution 
upon which the protein is spread, the surface area may be more than 5 
tunes greater than that to be expected from a monolayer of contiguous 
spherical molecules The thickness of such surface films is corre 
spondingly less than the assumed sphencal molecular diameter The 
protems so far examined by Gorter develop their maximum spreadmg 
at pH I, and agam at the isoelectric pomt, I mg covermg about I sq 
meter The same maximiim spread may be induced at any pH by the 
addition of salts (5) This remarkably constant area has been demon- 
strated for pepsin, trypsm, ovalbuiran, and insuhn, all having a 
molecular weight of about 35,000, as well as for zem (6) having a 
molecular weight 6 times greater 

Recently, Phihppi (7) has reported film measurements on some of 
the high molecular weight respiratory proteins He has found that 
one of these, derived from Pabnurus vulgarts, spread to the same 
extent as egg albumm at pH 1, but did not spread on solutions of a 
higher pH He pomts out the fact that at pH 1 the molecule of this 
protem is broken down mto smaller components to which he attributes 
the spreading 

It should be noted that protems which form films of 1 sq meter per 
mg at pH 1 and at their isoelectnc point develop smaller films of the 
same thickness at other hydrogen ion concentrations The area of 
the film IS conditioned by the amount which remains on the surface, 
62t 
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Since the thickness of the film appears to be invariable If a film of 
egg albumin occupying 0 1 sq metei per mg at pH 3 is brought to pH 

1, it will not expand to 1 0 sq meter per mg , but will retain its onginal 
area 

An indirect confirmation of this fact was obtained by determining 
the amount of pepsin entering a subsurface solution at pH 4 6 Ac- 
cording to Gorter, pepsin forms a film of only 0 1 sq meter per mg at 
this pPI One would then expect to recover 90 per cent of the pepsin 
from the solution under the film Actually, from 70 to 90 per cent 
was demonstrated under a film of almost exactly 0 1 sq meter per mg 
(0 2 mg =210sq cm) However, the accuracy of activity measure- 
ments with such necessarily dilute solutions (4 X 10"^ gm protein 
per cc ) is not great 

The results to be presented deal with film area measurements 
applied to Ltmulus hemocyanm and tobacco mosaic virus In addi- 
tion, the surface behavior of protem-containing particles, namely 
vaccinia virus and a Gram-negative non-motile bacillus, was examined 

Malenah and Methods 

The Langmuir tray (8) was used to measure surface areas Certain minor 
modifications were introduced Instead of air jets to prevent leakage of the him 
around the ends of the movable barrier, parafhned threads were attached to the 
edges of the tray and to the movable barrier Solid sticks of high melting point 
paratSn were used to push the film toward the movable barrier A strip of thin 
celluloid for the movable barrier was found to be more durable than paraffined paper 
and equally satisfactory Each film area was measured not longer than 30 seconds 
after the protein was applied to the surface, at pressures ranging from 0 to 60 
dynes per cm The areas given in the accompanying curves represent the areas 
of the films at 0 dynes per cm The pH of the tray solutions was determined 
electrometncally by means of the quinhydrone electrode The pH from 1 to 3 1 
was obtained with HCl From pH 3 3 to 5 2, 0 02 M acetate buffers were used, 
and from pH 6 0 to 7 9, 0 02 m phosphate buffers were used The protein solutions 
were applied to the surface by means of a platinum loop delivering 0 006 cc 
Entirely reproducible results were obtained by this method, which was simp er 
than the micro-pipette employed by Gorter , 

The proteins to be tested were obtained m as pure a state as possible A samp 
of 3 times crystallized, dialyzed swine pepsin was made available by ^ 

Herriott The ovalbumin was also crystallized 3 times and dialyzed tree 
ammonium sulfate Hemocyanm (molecular weight, 3 million) (9) was o 
from the blood of Ltmuhts polyphetmcs and purified in the quantity u racen 
by a method previously described (10) A sample of ultracentri uge p 



C V SEASTONE 


623 


tobacco mosaic virus protein (molecular weight, 17 milhon) (11) was kindly sup- 
plied by Dr II S Lormg Vacania elementary bodies were prepared by the 
method described by Craigie (12), which yielded a final produet showing practi 
cally nothing but Paschen bodies when examined by the hlorosow stain The 
isoelcctnc pomt v as found by cataphoresis measurements to be pH 5 0 The 
suspension of B galUitarum (fowl typhoid) was made from a 5 hour culture m 
digest broth which had been passed though a Berkcfeld N filter to remove larger 
particulate matter before inoculation The organisms were sedimented and 
resuspended 4 times m pH 7 6 buffered saline The isoclectnc point v as deter 
named by cataphoresis to be pH 4 I 

The surface measurements on the bacteria and elementary bodies were made 
the same day they were prepared or within 12 hours The hemoc) anin was stored 
3 days m a concentrated solution and diluted just before use On the basis of 
Kjeldahl nitrogen estimations all of the preparations were adjusted to a concentra 
tion of 2 5 mg of pro tern per cc 


RESULTS 

The relation of pH to spreading on 0 02 u solutions is shown m Figs 
1 and 2 Tray solutions adjusted to the isoclectnc pomt of each of 
the matenals to be tested were mcluded in the senes Pepsm and 
ovalbuimn developed surface areas m agreement with (jorter’s data 
Masimum spreading took place at pH 1 and at the isoelectric pomt 
Hemocyanin and vaccinia elementary bodies showed no spreading at 
their isoelectnc pomts, but below pH 3 3 both exhibited definite 
spreading It may be noted that there is a correlation here with the 
pH stabihty The vaccmia elementary bodies moved out slowly on 
the surface of the tray solution at any pH, there was no evidence of 
settlmg However, with the suspension of organisms, and the to 
bacco mosaic virus protem, even at pH 1, an undetennmable amount 
faded to remain on the surface, since an easdy visible nng could be 
seen settlmg to the bottom of tlie tray when either of these matenals 
was apphed to the surface For this reason, it is possible that the 
fadure to demonstrate surface films depends on the technical diffi- 
culty of brmgmg these proteins onto the surface without loss by 
setthng 

In an attempt to eliminate this source of error, tray solutions of 
greater density, 25 to 90 per cent saturated ammonium sulfate, were 
used ' Prelinunary observations using the loop of paraffined thread 
described by Langmuir showed that bactenal suspensions would 

^ Reagent grade adjusted to about pH 7 with ammonia 
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Spread out with almost explosive rapidity on the surface of such 
solutions and displace the floatmg thread However, after a few 
seconds the thread would of itself return to its former position The 
same occurred with tobacco mosaic virus protem When it was found 
that distilled water would bnng about the same phenomenon it was 
realized that although the suspended material reraamed on the sur- 
face, the apparent spreading was due to a transitory water effect 



This IS borne out m the data presented m Fig 3 Under conditions 
which cause pepsm and ovalbumm to spread to 1 sq meter per mg , 
the area occupied by the bactena, and by tobacco mosaic virus, is 
very small Hemocyanm occupies about one-fourth the area of the 
lower molecular weight proteins, while the elementary bo es 
vaccmia spread to about one-seventh of 1 sq meter per mg 
can be no doubt that the matenals m question were on the surtace 
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whea these measurements were made In addition to the gross 
observation of the bactenal suspension moving out from the loop, 
plate counts of the solution under the surface showed that about 99 
per cent of the bactena had remamed on the surface Compression 
of the surface area caused the organisms to gather mto a visible sheet 
which could be removed on shdes and exammed microscopically It 
consisted of closely packed organisms which had apparently under 



gone two-dimensional agglutmation Such aggregation of non 
spreadmg particles would constitute a senous source of error m any 
activity measurements on surface films 

The tobacco mosaic virus protem was also shown to remam on the 
surface of ammomum sulfate solutions If the extremely small films 
developed by this material resulted from the fact that 99 per cent of 
the protem entered the subsurface or substrate solution, one should 
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be able to demonstrate the virus there Accordingly, virus activity 
measurements^ on the liquid under the film were carried out 
0 2 cc containing 1 mg of virus protein was allowed to flow slowly 
onto the surface of the tray contammg half-saturated ammonium 
sulfate solution After measurmg the surface area, a 10 cc pipette 
was introduced into the tray behind the barrier in as nearly horizontal 



Fig 3 


a position as possible The pipette was filled and vigorously dis- 
charged 15 times causmg a definite swirling of the tray contents 10 
cc were withdrawn, dialyzed 3-4 hours m a rocking dialyzer at about 
and inoculated onto leaves The final ammonium sulfate con- 
centration was less than 0 5 per cent Controls consisted of the same 

- The author wishes to express his gratitude to Dr H S Lonng for assistan 
in carrying out these activity measurements 
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amount of virus discharged under the surface of fresh tray solutions, 
stirred, dialyzed, and inoculated in exactly the same manner 
In the titration of a substrate solution under a film of 0 016 sq 
meter per mg , only 1 lesion appeared on 32 moculated leaves, in the 
control, with all conditions identical except that the virus protem was 
mtroduced beneath the surface, there were 101 lesions on 23 inocu 
lated leaves In another sunilar experiment using the same virus 
preparation, 1 mg gave a film of 0 012 sq meter The sample re 


TABLE I 



Dkmeto ol ttartidt 

Observed &rti 
covend by 

1 mg tptcid 
0&90 per ctDt 
utunted am 
monium tullite 

Calculated 

mnvimiim ar»a 

a{ 1 &S 

fpberical 
particlea 


m 

if mtUrt 

ig meUr$ 

Pcpsm 

S S X 10-1 (17) 

1 00 

0 24 

Ovalbumin 

4 3 X 10-' (13) 

1 07 

0 26 

Hemocyama 

9 0 X 10-’ (13) 

0 27 

0 14 

Tobacco mosaic virus | 

1 S X 10-< (16) 

0 06 ! 

0 09 

Vaccmm 

1 S X 10-> (18) . 

0 13 

0009 

B goiitnarum 

>10X10^ 

0 07 



• These values were obtained by multiplying the number of parbcles m 1 mg 
by the area of a square the sides of which equalled the diameter of the particle m 
question The calculated area represents a maximum value, smce circles actually 
pack mto an area less than that occupied by the same number of squares whose 
sides equal the diameter The number of particles was obtained by dividing 
the volume of 1 mg (assumiog the specific gravity to be 1 4) by the volume 
of a smgle particle detenmned from its diameter Surface area m sq meters 
0 67 X 10~’ 
molecular radius m cm 

moved from underneath this film and moculated on 18 leaves showed 
no lesions, the control showed 27 lesions on 18 leaves In a third 
determination the substrate solution gave 1 doubtful lesion on 70 
leaves, the control, in which the virus was introduced beneath the 
surface, showed 78 lesions on 70 leaves While one would hesitate 
to conclude that 99 per cent of the virus protem remamed on the 
surface, it seems clear that there is very little loss into the substrate 
In Table I, the observed areas in square meters per milhgram on 90 
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per cent saturated ammonium sulfate solution are presented and 
compared with the theoretical areas which a monolayer of contiguous 
spherical molecules would occupy Pepsin and ovalbunun occupy 
about 4 times the theoretical area Hemocyanm occupies twice the 
expected area, m calculatmg this area a certam amount of error is 
mtroduced smce Liiniiliis hemocyanm molecules are not sphencal 
(13) The film of tobacco mosaic virus is smaller than that calculated 
on the basis of packed spheres The molecule of this protem is also 
rod-shaped (14) and may be capable of packmg mto an area smaller 
than that calculated for a sphencal molecule Vaccima and the 
organism suspension spread out to form a film which, though small, 
was much larger than the calculated area 
The presence of any low molecular weight protem impunty or break- 
down product of a larger particle should be considered as a source of 
error, especially m the interpretation of a film as small as that pro- 
duced by B galhmrim For example, it was found that a bactenal 
suspension after standmg m the ice box for 10 days gave a surface fihn 
of 0 4 sq meter per mg However, after sedimenting the bactenal 
bodies, the almost clear supernatant spread to the same extent 
In spreadmg at pH 1 it is probable that two factors are operatmg 
One IS the effective electrolyte m 0 1 n HCl which would brmg about 
spreadmg regardless of the H ions The other is the effect of the H 
ions m breaking down certam protems mto smaller components Both 
Ltimdiis hemocyanm (9) and vaccmia (15) are unstable below pH 3 to 
4, which accounts for their spreadmg below this pH level 
From the measurements presented it may be concluded that not all 
protems spread m the same way as the low molecular weight protems 
such as ovalbunun and pepsm This is m agreement with data on 
respiratory protems obtamed by Phfiippi (7) A relationship between 
molecular weight and spreadmg capaaty is suggested The rapid 
spreadmg of low molecular weight protems at their isoelectnc pomts 
could not be duphcated with hemocyanm, tobacco mosaic virus, 
vaccmia, or a suspension of bactena 

The calculated thickness (volume of protem divided by film areaj 
of filrng of tobacco mosaic virus protem on half saturated solutions o 
ammonium sulfate is about 1000 A If the molecules are honzonta y 
onented, it is obvious that such thick films cannot be monomolecular 
It is possible that they may be monomolecular if a vertical molecular 



C V SEASTONE 


629 


onentation occurs, sunilar to tliat of a steanc acid monolayer (8) 
X ray data mdicate a molecular diameter of about ISO A (14) If 
the film thickness (correspondmg to the molecular length) were 1200 
A, 1 mg of vertically onented molecules m a surface film would occupy 
76 5 sq cm This value is of the same order of magmtude as the 
observed area of 1 mg , and molecules of these dimensions, having a 
density of 1 37 would have a molecular weight of about 17 million 
Although the existmg data on the molecular dunensions and molecular 
weight of the tobacco mosaic virus protein would permit the assump 
tion of a monolayer of vertically oriented rod shaped molecules, the 
rather tentative nature of these data must be borne m mind 

The author wishes to express his gratitude to Dr J H Northrop 
for his mvaluable advice and suggestions 
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CrrCCTS of POTASSIUAI on IHE POrCNTIAL 
or HiVLICYSlIS 


]i\ \V J V OSTCRIIOUT 

{I rom the Laboratories of The Rockefeller Iitsltliiie for Medical kescarch) 

( Vecepted for publication, Januar> 6, 1938) 

Potassium alters the p d of Ilaltcysiis^ and of Valouia'^ m the nega- 
tive* direction The experiments appear to indicate that U\^, the 
apparent mobilitj of in the protoplasmic surface, is greater than 
that of Na+(f7 ) and that of Cl~(Kci) 

To stud^ the effects of potassium on IJa!tc%sti$ artificial sea t\ater 
\Nas prepared in which the sodium was replaced by potassium this 
will be referred to as “K sea water This was applied to the cclP 
with and without dilution ® 

The effects of potassium are illustrated m Fig 1, which shows the 
result of raising the concentration of potassium in the sea water from 
0 012 M toO 52 M (“k seawater”) 

Tig 2 shows the effect of various dilutions oC “K sea water ” This 
IS of special interest in view of Damon’s findings with Valoma In 
sea water, Valoma usuall> has a negative p d of 5 to 10 mv When 
sea water is replaced by K sea water the p d becomes about 60 mv 
more negative Dilution* of K sea water lessens the negativity but 

1 Bhnks, L R I Gen Physiol 1932-33 16, 147 
Damon E B I Gen Phytol 1932-33 16, 375 

* The p D IS negative when the positive current tends to flow from the external 
solution across the protoplasm to the sap 

^ This contained 0 52 m RCl and 0 012 m NaCl and the other constituents of 
sea water at their usual concentrations 

* The expenraents were performed on IIalic\sUs Ostcrhouln (Bhnks, L R and 
Bhnks A H Bidl Torrey Bot Club 1930-31 67, 389) using the technique 
desenbed m a former paper (Osterhout W J V / Cen Physiol 1936-37,20,13) 
Temperature 20-25 C 

® The dilution was made by adding a solution of 1 1 u manmte + 0 02 u CaCIs 
Cf Osterhout W J V Proc Nat lead Sc 1938 24, 75 

* Damon used an isotonic glycerol solution to dilute the sea water Damon 
E n J Gen Physiol , 1937-38, 21, 383 
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POT 


\IJ POTE.NTI L OF HiLICiSTIS 


.'<hcn the dilution rcachca a certain point a striding change occurs and 
further dilution results in an inerea::e in negatmf 

Damon explains this ‘'on the assumption that the p d is due to 
diffusion potential; Yjy =a’ ing that as dilution progresses the tendenc} 
of to enter becomes less and less until a cntical dilution is 
reached at v.hich K- no longer tends to enter At this point (and in 
higher dilution^) KCl has a negligible effect and XaCl determines the 


Neg 

2Lb7\o 

Po5 

25 nv 


I'lo 1 Photographic record sho ' w' changes 01 ? d produced d,> potasiium 
(■alDolutions at pH 8 2; fhc cell in sea ater at the start had a positi e ? b 01 
Cn m' U hen it vas luted out 01 tnc sea ' ater the cur t lumped to F, tne iree 
^d potential of the amplifier It as then placer! in sea ’ ater contamm^ 0 52 
it KCl — 0 012 it XaCl dhe other constituents 01 tne sea ’ater cad tcerormal 
concentration; thi-i- called K-sea ater” and 's labeller] K S 3^ ntre record 
I he cur e then jumper] back to it- lormer le el and alter a short latent i>ercd rose 
to 1 rn” negate e anrl then began to rJrop When the cell 'as replaceri n sea 
/,ater the p n became normal 

It the cells ”,ere leit in K S U the p d gradual! dntterl back to normal ’rd'- 
cating a penetration 01 pr;tassium U ith some cells there ' as ro latent perof! 
'lime marfa^ 5 -econds apart Temperature 25 C 
A similar result 'a- obtamerl 'ith both solution^ at pH 6 4 

p D The smaller the \alut of U ''that of Df) being n^ed; the smaller 
the cntical dilution Hence '.e might e .pect that in Uahcjhs the 
critical dilution v-ould be smaller than in Valoma because* the ' alue 01 
appears to be less m Ilalicyslis than in Valoma ’ 
d his IS not the case The cntical dilution m I alonia is bet ' een 8 
and 10 but m Ilabcyslis a dilution ot 1-16 has been reached 
v.ithout attaining a cntical dilution (Ftg 2 ) 

'' Osterhrjut, U J \ Proc \nl Inid Sr, 103^,24, 75 
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Fig 2 Curve showing effects of various dilutions of K sea water” (c/ Fig 1 
and Table I) 

The undiluted K sea water contains 0 52 u KCl The scale of concentrations 
13 loganthnuc, the lowest concentration of K.C1 (0 0325 u) represents a dilution of 
1 'T- 16 of K sea water 

The curve is drawn free hand to give an approximate fit 
Temperature 20-25 C 


TABLE I 


Loss oj PJ) Observed on Transjernng the Cell from Sea Water to *K Sea Water’* 
or to Various Dilutions of This 



Co c. In toIuU a | 

Lquo! 7J] 

No ol obBcrvatloDS 



pa 




67 5 :i: 1 3 

6 



49 7 ± 1 2 

12 



43 1 1 S 

13 



32 S db 1 1 

17 

l -r 16 


27 8 ± 0 7 

18 
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POTASSIUM AND POTENIIAL OP HALICYSTIS 


It should be said, however, that the determination of m Eah- 
cyshs IS uncertam and that conditions are quite different in the two 
organisms In Valoma there is normally an mwardly directed po- 
tential of about 10 mv which tends to oppose the entrance of 
cations But in Hahcystis there is an outwardly directed potential 
of about 67 mv which tends to make cations enter ® The poten- 
tials therefore favor the entrance of K+ to a much greater extent 
in Hahcysks than in Valoma These and other differences^ would 
seem to make a comparison between Valoma and Hahcyshs of 
rather doubtful significance 


SUMMARY 

Sea water in which sodium has been replaced by potassium produces 
about the same degree of negativity in Hahcyshs and m Valoma 
With increasmg dilution of this sea water up to 1 — 16 the degree 
of negativity steadily falls off in Hahcystis This differs from the situ- 
ation in Valoma where Damon finds that with increasing dilution the 
negativity passes through a minimum after which mcreasmg dilu- 
tion produces increasing negativity But conditions in the two or- 
ganisms differ so greatly that a comparison is of rather doubtful 
significance 

“TeoreU, T , Proc Nat Acad Sc, 1935, 21, 152, J Gen Physiol, 1931-35, 

21, 107 w T V 

“ For differences m the composition of the sap see Osterhout, W j > 

Ergebn Physiol , 1933, 36, 967 



BRIGHTNESS DISCRBUNATION AS A FUNCTION OF THE 
DURATION OF THE INCREMENT IN INTENSITY 

Bx C H GRAHjVM AMD E H KEMP 
{From the Psychological Lahoratory^ Brawn University, Providence) 

(Accepted for pubbcaUon, January 20, 1938) 

Recent discussions of intensity discnimnation in vision have focussed 
attention on initial events in the process Hecht (1935), in particu- 
lar, has proposed a theory which states that brightness discrimination 
IS due to the photochemical processes which take place at the initial 
moment when the eye, already adapted to a given intensity, is exposed 
to a just discnmmably higher intensity Results of recent observa 
Irons by Smith (1936) and Stemhardt (1936) lend support to the 
hypothesis 

An important question which anses when we consider a theory in 
terms of mitial events is the problem of how such a formulation may be 
related to the Bunsen Roscoe Uw This law states that, for brief 
flashes of hght, the product of mtensity and duration is constant for 
the production of a constant photochemical effect It has been found 
to apply within well marked hrmts of exposure to both the fovea and 
penphery of the human eye, for threshold (Graham and Margana, 
1935, Kam, 1936) and supralunmal exatation (McDougall, 1904, 
Blondel and Rey, 1911, Graham and Cook, 1937) Adnan and 
Matthews (1927) and Harthne (1928) have demonstrated, the law for 
the eyes of lower organisms, and Harthne’s findings for the single 
fiber of Ltmulus (1934) give adequate evidence on the nature and 
limitations of its application The strict reaprocity relation fails for 
exposures longer than a “cntical duration" beyond which, m the 
Ltmulus eye and probably m the human eye (Kam, 1936), the rela 
tionl ( = CoKsfoiif IS superseded by the relation I = Conslanl 
These considerations have led us to perform the expenments re 
ported here It has seemed important to us, because of the emphasis 
on initial events m bnghtness discriimnation, to detemune the effect 
635 
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of varying the duration of A/, the just discriminable increment of 
intensity We have been particularly interested in results obtained 
for short flashes, where initial events [e g , a short burst of nerve 
impulses (Hartline, 1934)] might be expected to occur in relatively 
uncomplicated form and under conditions which will allow for an 
examination of a possible reciprocity effect of time and intensity 
Data are presented on intensity discrimination for seven durations of 
A/, and the results are related theoretically to the Bunsen-Roscoe 
law and to Plecht's theory 

A pparaius and Procedure 

The apparatus which was Ubccl m these experiments is a modification of one 
described by Smith (1936) The subject is seated in a cubicle which consists, in 
effect, of a small room within the larger, enclosing dark room Only the back 
of the cubicle is open During the experiment tlie subject noticed no appreciable 
amount of reflected light through the rear of the cubicle, and we are convinced 
that the shielding of the optical system precluded any possibility of anomalous 
results from stray light 

The optical system is constructed so as to provide two separate beams of hglit 
from the same source and equipped to permit gross variations in the intensity of 
both beams and fine variations m the intensity of one beam Light from a 1000 
watt lamp, after passing through a quarU cooling cell, a convex lens, and a holder 
for Wratten neutral tint filters, is divided by a system of four totally reflecting 
prisms into two beams The two beams arc centered by two pairs of matched 
convex lenses on semicircular apertures in a metal screen, this screen, in turn, 
being fastened to the front wall of the subject's cubicle In one of the beams are 
a photographic wedge and balancing wedge Manipulation of the wedge allows 
for an equation of the intensities on the two semicircles The semicircles are 
covered with opal glass on the side toward the light source and are separated by a 
metal fin which projects perpendicularly from the screen in order to restrict the 
illumination of each semicircle to its single beam The metal screen is attached to 
the front wall of the subject’s cubicle in such a way that the two stimulus objects 
are directly in front of the subject and at the level of his eyes Under these 
conditions they appear as two sep irate illuminated semicircles in a dark field 
Viewed at a distance of 60 cm each semicircle has a radius of 38 minutes, the 
separation between semicircles being 8 minutes Thus, the total configuration 
subtends a visual angle of 81 minutes, and falls within the limits of the fovea 
A stereoscope hood, from which the prisms have been removed, is used as a head- 
rest by the subject , 

The apparatus, as described, makes it possible to equate (within approximately 
the limits of accuracy described by Smith) the intensities on the two semicircles 
For the presentation of A/ in the form of a flash we employed a third beam of lignt 
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A mirror placed at one side of the light source reflects rays ^hich pass through a 
holder for Wratten neutral tmt filters a condensing lens, and a Wratten neutral 
tint ^Yedge with balancing wedge The rays finally diverge from a focus to 
iliununate the opal glass patch situated on the subject’s left In the focal point 
of the third beam is placed a device for regulating the exposure of AI For long 
durations (0 03 second to 0 S second) we used a synchronous motor dnven expo 
sure device similar to one desenbed by Graham and Granit (1931) This consists 
of two semicircular cardboard disks which may be caused to overlap by vanous 
degrees thus givmg different widths of exposure opening The disks are attached 
by a shaft through reduction gears to a tclechron synchronous motor Pressure 
by the cxpenmentei on a button releases a pm which holds the shaft m place and 
closes the switch which starts the motor The abaft is stopped automatically at 
the end of one revolution by the pm and by the breaking of a mercury switch 
which IS operated by a cam The shaft turns at the rale of 1 revolution per 
second 

For durations of 0 03 second and shorter, we used a device which consists of a 
synchronous phonograph motor to the axle of which is attached a large cardboard 
disk, A variable sUt cut near the periphery of the disk allows for changes m the 
duration of exposure of the third beam Since the motor is kept running all the 
tune, the light, as it passes through the slit in the disk, flashes at the rate of once 
every 0 77 second In order to restnet the illumination to smgle flashes, a band 
operated shutter is placed m the third beam between the opal glass and the disk 
of the exposure device With practice it soon becomes possible for the expen 
menter to open the shutter at an interval before the slit of the disk passes through 
the focus of the third beam and to close it an mterval after the emergence of the 
slit In order to faalitate this procedure a small tnangle of white paper is placed 
on the periphery of the disk at about a distance of 90 from the sht opening This 
object can be seen rotating m the dim lUummation provided by the apparatus and 
serves to mechanize the eipenmentet's timmg of the hand-operated shutter 
Thus, only when the hand-operated shutter is released is a flash let through to the 
milk glass surface and the duration of this flash is delermmed by the size of the 
sht m the cardboard disk of the phonograph motor 

We feel that the error due to lack of ‘suddenness of onset’* of the flash is small 
except for the shortest duration (0 002 second) The focus of the third beam 
consisted m these experiments of a small spot of hght of about 1 mm width, but a 
shght haze about the spot caused the total image to have a width of about 2 mm 
Since the sht for the shortest exposure was 5 mm m width, it is obvious that the 
waveform of distribution of hght m time was by no means rectangular for this 
particular duration For other durations, however the error is shght 

The procedure on any day consisted m varying the photographic wedge in the 
second beam imtil the subject reported both beams as equal m mtensity This 
procedure was usually accomplished at a fairly high mtensity of the two patches 
and always with the third beam occluded Day to day vanations m the equation 
pomt were relatively small and of about the same order of magnitude as those 



638 BRIGHTNESS DISCRIJIINATION AND DURATION OF INCREMENT 


reported by Smi th After the equation point had been determined, determinations 
were made to find the necessary increment, A/ The wedge m the third beam was 
placed in such a position that a clearly visible flash of light was superimposed upon 
the left hand semicircle, and then the experimenter determmed the threshold by 
decreasing the intensity of this beam Smgle flashes of A/ were allowed to stimu- 
late the eye of the subject at approximately 10 second intervals Since the subject 
was constantly adapted to the prevaihng equated intensity on the two patches 
and since the intensity of the third beam was relatively small in comparison with 
the prevaihng intensity, it may be accepted that a fairly constant level of adapta- 
tion ivas maintained at any intensity Once the threshold for the given duration 
of flash had been determined for a given prevaihng mtensity, /, the filters m tlie 
third and in the divided beam were changed and determinations for AJ were 
instituted at another intensity This procedure was followed on any day for a 
given exposure time for eleven prevailing mtensities (ten for the 0 002 second 
duration) In half of the series, determinations progressed from the lowest 
intensity level to the highest, and m the other half determmations were started 
at the highest intensity and progressed to the lowest Because of the continued 
adaptation at any given intensity, the results for both senes show a high degree 
of agreement C H G served as the subject throughout the determmations 
and E H K was experimenter Binocular observation was used in all the 
experiments 


RESUTTS 

The results of the experiment are presented m Table I and Fig 1 
In Fig 1 log A7 // has been plotted against log I Each value in 
Table I is the average of eight readmgs, except for the 0 Oo second 
duration The averages for this duration are based on fourteen 
readmgs of which eight were determmed with the device used for 
shorter exposures and six with the device used for the longer exposures 
Since a considerable change m apparatus took place when the exposure 
systems were changed, it was considered advisable to make deter- 
minations at the same duration by both devices So far as we can see, 
the results obtamed under the two conditions are quite similar Two 
determmations were obtamed in any smgle day’s run at a particu ar 
duration of exposure 

The graph, as given m Fig 1, indicates the general nature of the 
results obtamed Brightness discrimmation at any given duration 
represented by a high value of log AI/I at the lowest value of log 
From the highest value of log Al/I the curve drops m a continuous 
manner as mtensity increases, until eventually at medium to g 
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TABLE I 


AI/£ As a rnnclion of Intenstly and Duration 


Lok 7 (nuUl 

Los A/// 


0 002 sec 

IQ9 

0 013 sec 

0 030 tec. 

OOSOtcc. 

0 20 tec 

0.50 tec. 

2 27 


-0 65 

-0 98 

-1 33 

-1 44 

-1 30 

Bil 

1 67 

-0 22 

-0 65 

-0 99 

-1 27 

«1 34 

-1 20 


1 27 

-0 22 

-0 60 

-0 90 

-1 20 

-1 40 

~1 22 

~1 33 

0 67 

-0 23 

-0 53 

-0 93 

-1 23 

-1 37 

-1 33 

~1 30 

0 27 

-0 13 

~0 53 

-0 85 

-1 09 

-1 38 

-1 37 

~1 34 

-0 33 

0 OS 

-0 33 

~0 69 

~0 94 

~I 26 

-1 27 

-1 25 

-0 73 

0 37 


~0 62 

~0 81 

-1 19 

-1 23 

11 

-1 33 

0 65 

0 21 

-0 23 

-0 57 

~0 93 

-0 99 

-0 92 

-1 73 

0 89 

0 45 

0 01 

-0 36 

-0 92 

-0 92 

-0 83 

-2 33 

1 35 

0 89 

0 53 

0 16 

-0 26 

-0 40 

-0 34 

-2 73 

1 68 

1 23 

0 87 

0 51 

0 01 

-0 03 

-0 07 



Fig 1 The relation between d/// and I for the different durations of AI used 
m these eipcnments 
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intensities the logarithm of M/I reaches a final steady minimum 
The curve at anj'' constant duration is similar m form to those that 
have been shown by Hecht (1935), Steinhardt (1936), and Smith 
(1936) Smce our observations were restricted to a foveal region, 
there is no evidence of any rod portion of the curves They are 
simple and continuous and exhibit no sucli breaks as have been shown 
to occur by Hecht and Stemhardt with larger fields and at lower 
values of intensity than we have used 
From the point of view of our interest, the important thing to note 
about the graphs is the position that they occupy upon the ordinate 
axis The curve for the 0 002 second duration lies highest on the ordi- 
nate and the curves for the 0 005, 0 013, and 0 03 second durations are 
situated lower and lower m a progressive manner At a duration of 
0 08 second and beyond, the progressive downward displacement no 
longer takes place, and ive find that the curves for 0 OS, 0 2, and 0 5 
second appear to be superimposed at the bottom of the graph The 
curves for the three shortest exposure times, 0 002, 0 005, and 0 013 
second, are parallel to one another, and the curve for 0 03 second may, 
within the limits of experimental error, be considered parallel to the 
other tliree How^ever, the superimposed curves for 0 08, 0 2, and 
0 5 second cannot be considered, with all due allowance for error, to be 
parallel to the curves for the shorter durations 

An important characteristic to be noted in the curves for tJie short- 
est durations (with the possible inclusion of the 0 03 second curve) 
concerns the manner in which values of M at common absassa values 


of I vary with the duration of ex-posure (Since the curves have 
common absassa values of I we may just as readily note the varia- 


tions in A///) When we regard Fig 1 with this in mind we observe 
something of immediate significance the increment in intensity, A/, 
required for brightness discrimination increases as the duration of 
exposure decreases This generalization is demonstrated by the fact 
tliat the curve for the lowest duration (0 002 second) has the highest 
values of M/I and the curves for successively higher durations (up to 
0 03 second) have successively lower values of M/I In general, it 
seems that an inverse relation exists between M and exposure time. 


the exact form of which we shall discuss m a later section 

The progressive displacement in the values of M/I does not occur 
for tlie three curves of longest duration, and so the ordmate values are 
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independent of duration as a variable In summary of these facts 
we may say tliat, withm the Imiits of duration used, exposure time 
may influence the value of Af at a given intensity, I, for values of 
duration which include 0 03 second Tor durations equal to and 
greater than 0 08 second, exposure time has no mfluence on the deter- 
mination of AI, and the ratio A/// at a given I is constant 

The Buitscn Roscoe Laju 

The conditions of this experiment are such that after continued 
adaptation to a given mtensity, I, the subject is required to discnmi 
nate a bnef increase in the mtensity of one of the semicircles If we 
consider that the determmant of this discrimination is a given increase 
in the amount of photolysis above the level maintained by I, then for 
this new photolysis the Bunsen Roscoe law should be vahd and we 
should obtain the relation 

air = C=/(/) U) 

where t is the duration of the flash, and C a constant for a given value 
of I With a change m /, C becomes a vanable, since its magnitude 
depends upon the amount of photosensitive material present at the 
particular adaptation condition set up by / 

In studies such as this it is customary to test for this relationship by 
plottmg the energy of the flash (intensity X duration) against dura 
tion When this procedure is followed for the data of this experiment 
we obtain the family of curves presented in Fig 2 In this figure we 
have plotted log A/ t (for seven exposure durations at each prevailing 
mtensity, I) agamst log t This method is convement for the reason 
that, with loganthmic plotting, a hne having a slope of zero repre 
sents the relation A/ r = C The number to the left of each curve m 
Tig 2 IS the loganthm of the intensity, I, for which the product 
AT T was calculated 

The graph demonstrates that the product of Af and t is constant 
over the lower range of durations for all the levels of mtensity used in 
these experiments At longer durations, however, the curves show a 
clear cut departure from the reciproaty relation This is evidenced 
by the fact that the slope of each curve changes abruptly, beyond the 
horizontal region, to a slope which has been drawn with a value of 
unity The resulting hne in each case has an equation AI = Constant 
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The cntical duration, which sets a limit to the apphcation of the 
Bunsen-Roscoe law, is the longest duration of stimulus which has an 
influence m determimng a given aspect of the response In the graphs 
of Fig 2 the cntical duration is determmed by the mtersection of the 
two hnes havmg, respectively, the equations AI t = C (for short 
durations) and A/ = Const (for the longer durations) In Table II 
are entered the values of the cntical durations as determmed graphi- 



LOGT 

Fig 2 The relation between AI and t for the various levels o£ intensity used 
in these expenments The horizontal lines represent the equation A/ t — 
Constant, the inclined hnes, A7 = Constant 

caUy m this manner for each value of prevaihng mtensity Obvi- 
ously, considerable deviations from these values might still result in 
good fits for Fig 2, but the values are xehable enough for our purposes 
Fig 2 and Table n show that the value of the cntical duration is 
a function of mtensity In fine with observations by AIcDougall 
(1904) and Graham and Cook (1937) it is found that the cnti^l 
duration decreases with an increase m mtensity This variable 
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introduces a complicating factor into mterpretations of intensity dis- 
crimmation and wdl be discussed more fully in a later section 
The existence of a critical duration and its importance in limiting 
the reaproaty law have been discussed by McDougall (1904), Adrian 
and Matthews (1927), Harthne (1934), and Graham and Margaria 
(1935) Harthne found m the Ltmulus eye that for durations beyond 
the critical duration 


/ ■■ Const “ C/r 

where C is the product of I and t below critical duration and t, is the 
critical duration For the human eye this relation is not always 

TABLE n 


Critical Duration is a Piiiiction oj Intensity 


1.02 1 

1 Los cnbca) dunUoo 

2 27 

-1 so 

1 67 

-1 45 

1 27 

-1 40 

0 67 

-1 35 

0 27 

-1 30 

-0 33 

-1 25 

-0 73 

“1 20 

-1 33 

-1 15 

-1 73 

-1 10 

-2 33 

-1 05 

-2 73 ' 

-1 00 


obvious (Graham and Margana), but it is certam that the dependence 
on T decreases with long durations In the present experunent the 
result IS clear and m accord with Harthne’s finding Beyond a 
cntical duration the effect depends only on intensity, and 

At = c/r - f (0 ( 2 ) 

This probably means that, as in the Limulus eye, where the action 
of the hght IS abruptly mterrupted at the cntical duration by the 
action of the sense cells, so in our experiment the action of Al is mter- 
aupted by the mcrease ra sensory discharge which follows the flash 
As Harthne pomts out, this deviation from stnct reaproaty cannot be 
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considered a failure of the Bunsen-Roscoe law in the photosensory 
process \^Tien the restnction entailed by a consideration of the 
cntical duration is recognized, we may conclude that the photo- 
chemical basis of the sensory process is a simple system to which the 
Bunsen-Roscoe law may be apphed 


The Relation of the Results to Hechfs Theory 

Equations (1) and (2) indicate that the values of C and C/tc are 
runctions of mtensity This can be seen m Fig 2 where the curve for 
the maximum intensity (log 1 = 2 27) is highest on the ordmate and has 
the greatest values of C and C /~c The curves for the other mtensities 
are displaced doivnwards m a progressiv^e manner as intensity de- 
creases, the curv e for the lowest mtensity (log / = — 2 73) lying at the 
bottom of the graph A consideration of the specific function m- 
volved in this progressive displacement leads us to a theoretical mter- 
pretation of bnghtness discnimnation Smce Hecht’s theory (1935) 
has been successful in accounting for bnghtness discrimination m a 
number of animals, it would seem important to examme our data with 
the intent of providmg a further test of the hj-pothesis 
Hecht’s fundamental equation is 

dx 

-- = RiJiJia - A” 


which states “that the initial rate of photochemical decomposition on 
the mtroduction of the higher mtensity to the photochemical 5} stem 
at the stationary state is proportional to AI times the concentration of 
sensitive matenal at the stationary state” (1935) In this equation, 
X IS the concentration of photoproducts broken down by the hght, t is 
time, a is the total initial amount of photosensitive matenal, m is the 
order of the reaction, and hi the velocity constant of the hght 
reaction Without great modification this equation may be changed 
to read 


xt 


= hXlia — a:)“ 


( 3 ) 


which says that the mcrease in x, through a small but fimte mterval 
of time, is proportional to AI times the concentration of sensitive 
matenal at the stationary state 
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If Af be accepted as equal to t m our experiments, equation (3) 
becomes 

&x " tiAf T(a — x)* (4) 

and if It be assumed that, for the discrimination of (/ + AZ) from Z, 
the increment in x, Ax, is constant for any value of I, equation (4) be- 
comes 

hed T(a — «■ c (5) 

where c is a constant This equation is similar to Hecht’s equation 
(6) except that it involves r, which for constant duration below 
critical duration may be considered as bemg contamed in his ki 
The steps mvolved m developing the relation between AZ/Z and Z 
are similar, from this point on, to Hecht’s Tor the human eye, where 
both forward and back reactions are bimolccular, we finally derive 
the expression 



as a description of our experimental expectation for values of t below 
critical duration 

For values of t at and beyond critical duration the constant mere 
ment Ax must be considered as bemg detenmned within t„ and 
equation (4) is rewritten 

Ax =■ t,A/ T (ff — x)"* (7) 

for the case where t equals or exceeds n For these conditions equa 
tion (6) becomes 



and the value of AZ/Z is mdependent of duration at a given value of Z 
This derivation of mtensity discmranation is in accord with the 
imphcations of equations (1) and (2), as we can see if we consider the 
term (o — *)” of equation (S) to be constant for a given level of Z 
With this assumption equation (5) becomes AI t = C, where C = 

A (a — it) " Smularly, if we substitute r, for t m the same equation, 
the relationship is AZ = C/r, These are equations (1) and (2) of 
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LOG I 

A/ _ 

Fig 3 The relation between — r and I in terms of Hecht’s theory The 

curve IS theoretical For durations longer than the critical duration the ordinate is 

to be read as log ~ Tc 


the earher discussion, but it is significant that by these steps they are 
now related to Hecht’s theory in a systematic manner 
The treatment of mtensity discrimmation given thus far would 
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lead us to expect that, for durations below the critical, the product of 
A7// and t should be a function of intensity, and for durations of 
exposure at and beyond the critical duration, the product of A/// and 
T. should be the same function This is true because the nght hand 
expressions of (6) and (8) are identical for the same values of / Prac- 
tically, this means that if we plot, on a graph with log I as absassa, 
values of log iil/I t for all durations below critical duration and values 
of log A / /I T, for all durations at and above critical duration, there 
should result a family of superimposed curves 

When the data of our experiment are treated in this way we obtam 
the graph of Fig 3 In constructing this graph it was necessary to 
know the critical value of duration for each mtensity level used The 
values were ob tamed from Table H, and m making the graph, all 
values of AT /I for the 0 20 and 0 SO second exposures were multiphed 
by the appropnate values of u as obtained from Table II Only the 
values of Af/I for the eight highest intensities of the 0 08 second 
exposure could be considered as above critical duration and they, too, 
ate multiphed by the cottespondmg t. values All other values of 
AI // are multiphed by the appropriate values of t 

The graph of Fig 3 is convincing evidence that our expectation is 
realized Within the experimental error the seven curves of Fig 3 
may be considered a smgle curve The hne drawn through the data 
IS the curve for equation (6) as apphed to the data for the 0 013 second 
curve Clearly the data for all the curves fit the theoretical hne as 
adequately as could be desired for the conditions of the experiment 

DISCUSSION 

Our results demonstrate that when A7 is added to an already exist 
mg mtensity, I, m the form of a flash, its mtensity value must become 
greater as duration becomes less if a discmnmation between intensities 
I and I -t- AT IS to be accomphshed by the subject This is true only 
withm certam hmits of duration Withm this range of duration the 
requirement for bnghtness discmnmation at a constant prevaihng 
mtensity, I, is fulfilled when the product of AT and time of exposure 
IS a constant This is the condition imphed by the Bunsen Roscoe 
law for the production of a constant photochermcal effect, and our 
results show that the law holds for bnghtness discrimination m the 
human eye 
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Beyond a critical duration the reciprocity relation appears to fail 
and the equation AI t = C is superseded by the relation AI - Con- 
stant Hartline (1934) has given the most adequate account of factors 
determmmg the critical duration and he points out that it is meaning- 
less to discuss the influence of duration upon events in the nervous 
discharge which are over before the flash is complete Only those 
durations which are shorter than the time of the appearance of the 
event may be considered logically This type of reasoning must 
apply equally well to effects in the human eye, and it sets a logical 
restriction to the lirmts of duration within which one can adequately 
test for the vahdity of the Bunsen-Roscoe law The change at the 
critical duration from the reciprocity relation to the expression 
AI = Constant does not necessarily, in the light of Hartline’s discus- 
sion, mean a failure in the reciprocity law It may mean, rather, that 
the action of the light is interrupted by the increase in activity of the 
sense cells which follows the presentation of AI As applied to bright- 
ness discrimination, this interpretation implies that the photochemical 
effect of AI follows the Bunsen-Roscoe law rigorously The apparent 
failure of the law is due to the interruption of the action of the light 
by the impulses which determine the discrimination 

The Bimsen-Roscoe law states conditions for the production of a 
constant amount of photolysis In our experiments the vahdity of 
the law implies that bnghtness discrimination is determmed, at any 
level of photolysis due to /, by a constant increment in the photo- 
products which are broken down by the action of AT This inter- 
pretation has been recognized by Hecht (1935) and his theory may be 
considered as accounting for brightness discrimination at constant 
values of duration When duration varies, however, the theory re- 
quires a minor amplification The change in theory is necessitated 
by the consideration that bnghtness discrimmation is determined by a 
constant amount of photolysis rather than by its imtial rate When 
the theory is restated m these terms it adequately accounts for the 
findings of this experiment Bnghtness discrimination is in accord 
with Hecht’s theory and the Bunsen-Roscoe law for durations up to 
the critical duration For durations greater than the critical duration 
the theory is written on the assumption that the necessary increment 
in photoproducts, A^, is accomplished within the critical duration 
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When due allowance is made m the theory for the complexities mtro 
duced by the critical duration, the hypothesis is vahd for all conditions 
of exposure time The steps mvolved in this verification have been 
discussed earher 

The existence of a critical duration raises a practical problem m 
determmations of mtensity discnmmation thresholds Where the 
duration of A/ is shorter than the critical duration, t m equation (6) 

may be thought of as bemg contamed m the constant, but where 


A/ has a duration longer than the critical duration, equation (8) 
appUes, and t. carmot be contamed m a constant because it is a func- 
tion of mtensity, as shown m Table II Because of this it would 
seem that unequivocal results on bnghtness discnmmation can only be 
obtamed when we use durations of AT which are well below the critical 
exposure time for all values of intensity 


SDMMARV 

1 This investigation has been concerned with an analysis of bnght 
ness discnmmation as it is influenced by the duration of Af The 
durations used extend from 0 002 second to 0 5 second 

2 AI/I values at constant mtensity are highest for the shortest 
duration and decrease with an increase in duration up to the hmits of a 
cntical exposure tune At durations longer than the cntical duration 
the ratio A/ // remams constant 

3 The Bunsen Roscoe law holds for the photolysis due to A/ This 
IS shown by the fact that, withm the limits of a cntical duration, the 
product of Af and exposure time is constant for any value of prevaihng 
mtensity, I 

4 At durations greater than the cntical duration the Bunsen Ros- 
coe law 13 superseded by the relation Af = Constant This change of 
relation is considered m the hght of Harthne’s discussion (1934) 

5 The cntical duration is a function of mtensity As mtensity 
mcreases the cntical duration decreases 

6 Hecht's theory (1935) accounts for the data of this experiment 
if it be assumed that bnghtness discnmmation is determined by a 
constant amount of photolysis 
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STUDIES IN THE PHYSICAL CHEMISTRY OF AMINO ACIDS, 
PEPTIDES, AND RELATED SUBSTANCES* 

XI The Solubility of Cystine in the Presence of Ions and 
Another Dipolar Ion 

By EDWIN I COHN THOMAS L McMEEKIN and MURIEL H. BLANCHARD 
(From tlie Department of Pli}Stoal Chemutry, The Barrard ifedical School, Boston) 
(Accepted for publication, November 5, 1937) 

An adequate theory of solutions for biological systems must depend 
upon the development of laws definmg the mutual mteraction, in each 
others presence, of ions and such dipolar ions* as ammo acids, peptides, 
phosphohpids, and protems The interaction between ions and dipolar 
ions IS a function of tlie size, shape, and electncal moments of the 
latter, and also of the lomc strength and dielectric constant of the 
solution (5, 7) Preasely as the mteraction between ions and one 
dipolar ion species may be shown to be dimimshed by the concentration 
of a second dipolar ion, so also mcrease m lomc strength may be shown 
to diminish the mteraction between two species of dipolar ions There 
IS thus a multifunctional relation between the physical chenucal be 
havior of the lomc and the dipolar ionic components of biological 
systems as a function of temperature, lomc strength, and dielectnc 
constant, as well as of their specific properties 
Unquestionably, the most important dipolar ions, as their name 
imphes, are the protems In order to mcrease our knowledge of this 
class of molecules we have found it desirable, however, at each stage 
of our mvestigation, first to complete comparable mvestigations upon 
simpler molecules of known structure As a prehmmary therefore 
to the systematic mvestigation of systems contammg neutral salts 
and more than one protem, we have investigated systems contammg 

♦Contnbuted to tbe Jubilee Volume m honor of Profes^r Sflrensen, Compt 
rend trao Lab Cartsbcrg 1938 22, 142 

‘ As a translabon of the word ‘ewitter ion” we have tentabvcly adopted the 
term dipolar ion ” although it is not an ideal de cnption of this class of molecules 
651 
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TABLE I — CondtM 
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neutral salts and two ammo acids Adoptmg the method o£ solubihty 
we have chosen cystme as saturatmg body because it is the least 
soluble of the ammo aads, and because its S S groupmg, and accurate 
colorunetnc methods for its estimation, render it possible accurately 
to determine its concentration m the presence of other ammo acids 
Glyane was chosen as the second ammo acid because the structural 
configuration (4) and the electrical moment (11) of this simplest 
dipolar ion are now better Imown than that of any other 
Two salts have been mvestigated, sodium chloride, which mcreases 
the solubihty of cystmc at ail concentrations that have been studied, 
and sodium sulfate, which increases the solubihty of cystme in dilute 
solution, but which has a “saltmg-out” effect m more concentrated 
solution (S’, 13) rhus the mfluences of neutral salts on cystine 
have been found to be very siimlar to those upon proteins (5) * Studies 
upon this tetrapolar ammo acid might therefore serve to reveal certam 

’ Cohn (4) Fig I 
' Cohn (5) Fig 5 
1 Cohn (5), Figs 5 and 7 
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of the forces that obtain in systems containmg electrolytes and 
proteins 


Materials and Methods 

The methods for the purification of the glycme (6), of the cystme, and of the 
sodium chloride and sodium sulfate employed m this mvestigation have previously 
been described (13) The pure solvents ivere prepared by weighing glycine and 
sodium chloride, or sodium sulfate, mto volumetric flasks uhich uere then brought 
to volume with distilled water The concentration of glycine and of salt m the 
solvents, given as mole per hter, are recorded in the second and third columns of 
the accompanying table (Table I) Because of the very low solubihty of cj'stine 
the density of the solvent, given m the first column of Table I, may be considered 
equal to the density of the solution 

The solubihty of the cystme in these solvents was always determined colon- 
metncally by means of the Folm unc acid reagent Compansons with known 
standards were earned out with the Koenig-Martens spectrophotometer in the 
manner previously desenbed (13) The solubihty of cystme is given both as mole 
per hter, Ui, and as mole fraction, N 

EXPEROIENTAL RESULTS 

The results of the measurements on systems containmg cystme, 
glycme, and sodium chloride are graphically represented m the accom- 
panymg figures (Figs la and 15), m which the solubihty of the 
cystme is always given as mole fraction, N The lowest curve m 
Fig la gives the mteraction between cystme and glycme m the 
absence of salt In the systems containmg glycme solubihty is always 
higher, and higher the greater the concentration of gl 5 '^cme and of salt 
Whereas both glycme and sodium chlonde have a solvent action upon 
cystme, the influence of each of these solvents is to decrease the effect 
of the other Thus in the presence of 2 molal sodium chlonde, 2 8 
mole of glycme changed the solubihty only from 0 0007 14, the value 
in the absence of glycme, to 0 000813, the value m the presence of 2 8 
mole of glycine, whereas the solubihty of cystme m water is 0 000454 
mole per hter and m 2 8 mole of glycme 0 000779 mole per hter The 
action of glycme m mcreasmg cystme solubihty m water (curve 1, 
Fig 1 a) IS thus nearly 70 per cent, whereas it is only 14 per cent m 
the presence of 2 mole of sodium chlonde (curve 4, Fig 1 a) We 
must therefore conclude that the interaction between these dipolar tons 
iS a junction oj the sodium chlonde concentration, decreasing with in~ 
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creasing ionic strength The application of this pnnciple to other 
ammo aads and proteins is bemg further studied 
The converse to the above statement regarding the mfluence of 
ionic strength on tlic interaction between dipolar ions may also be 
made For our results demonstrate that the interaction between ions 
and the dipolar ion cystine is a funclioti of the other dipolar ions in 
solution, diminishing with increasing glycine concentration The very 
profound solvent action of sodium chloride on cystine is greatly re 
duced m the presence of even a mole of glycme, and is almost negligible 



Clycln« corwentratlofi NaCi concentrator; 


Tio to Fio \b 

Fig la Influence of sodium chlondc on the interaction between glycme and 
cystme 

Fig lb Influence of glycine on the interacUon bettveen NaCl and cysune 

in the presence of a 2 8 molal glycme solution In so far as the mter- 
action between the sodium and chlorme ions and the charged groups 
of the tetrapole cystme depends upon electrostatic forces, this effect 
IS understandable, for by definition change m free energy due to 
electrostatic forces must, accordmg Co Coulomb's iaw, dummsh 
mversely as the second power of the dielectnc constant, and the 
dielectnc constant of a 2 8 molal glycme solution is 141 8, or as much 
above water as water is above butanol In these terms an explanation 
may therefore be sought for the very profound differences between 
the curves m Fig 1 
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Cystine is sufficiently insoluble so that the ratio of the solubhity in 
any of the systems studied to that in any other system, considered as 
standard state, yields an activity coefficient For the purpose of 
analyzmg further the mteraction between cystine and sodium chlonde, 
or cystme and sodium sulfate, we may define the standard state as 
the solubihty in the system containing the same concentration of 
glycme, but m which the ionic strength is zero In the case of four 
component systems, however, some further definition must be made 
in relatmg the properties of the different solutions The simplest 
procedure would be (1) to assume that the water displaced by salt in 
the systems studied has no appreciable effect on either the solubihty 
of cystine or the dielectric constant of the solution N' is defined as 
the solubihty in terms of mole fraction in the absence of salt according 
to this assumption, and is the value obtained for the systems without 
salt upon which such measurements were made 

A better procedure (2) might be to consider the standard state for 
each system contammg salt as that of a system contaming the same 
mole fraction of glycme and water, but no salt By calculating the 
mole fraction of glycme, nJini + ^13), in each system containing salt, 
it has been possible to estimate the solubihty, IV", defined m this way 
from a curve m which measurements of log IV were plotted against 
ni/(ni + W3) Values of log IV" computed m this manner are also 
given m Table I The differences between log IV' and log N" never 
exceed 0 003 in the systems contammg 0 5 molal glycme or 0 006 
in the systems contammg 2 8 mole of glycme 

A further assumption must be made m order to obtain an estimate 
of the dielectnc constant m the solutions contammg neutral salts 
(16) Smce the conductivity of such solutions precludes their being 
measured directly, the simplest procedure (1) would be to take the 
dielectnc constant of the salt-free glycme-water systems employed 
in the solubihty measurements (20) as applymg also to the systems 
contammg salt (7) 

Two possible objections might be made to this procedure On the one hand, it 
might be argued that the dielectric constant will not, on this basis, be equal to 
that in the standard state as defined by our second procedure above The latter 
wiU be higher m glycine concentration (mole per hter) by an amount that may be 
estimated by the relation 

Cgiicme = 55 344(11, /(«i -t fh)) - nhh/bti + n,))- 


( 1 ) 
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On tills basis (2) the concentration o{ t,lycinc m the presence of 2 molal sodium 
cblondc v.ould be 0 521 instead of 0 5 m the salt free system that ^\a3 measured, 
and the dielectric constant would be 00 31 instead of 80 81 fhcc/Tcct would be 
greater m the 2 8 molal glycine solution, the solubility of which in 2 molal sodium 
chlondc on the above basis should be referred to a system containing 2 934 mole 
of glyanc and having the diclcctnc constant of 144 85 instead of 141 82 

Whereas csUmalion of the diclcctnc constant of the solutions chosen by the 
second method for the standard state leads to a higher value of the dielectric 
constant, other considerations suggest lower values than those of the systems 
measured Thus the displacement of a certain number of water molecules by salt 
molecules might be expected to slightly dimmish the dielectric constant of the 
solution If we assume (3) that each mole of water lias the same effect m all of 


TABLE II 

llsUmalion of iJic Diclcctnc Constant of the Standard Stale and of the Salt Solutions 
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77 85 

77 11 

75 40 
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89 81 

89 95 

90 07 

90 31 




89 10 

88 33 
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lOV 38 

101 01 

102 13 
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100 38 

99 58 

97 90 


C2) 

125 74 ^ 

124 24 

124 73 

125 82 


<3) 


122 91 

122 07 

120 31 

2 3 

(2) 

141 82 ' 

142 52 

143 27 

144 85 


(3) 


140 94 

138 81 

138 24 


the systems studied, % e may make a simple concction for tins factor by subtract 
mg the quantity (78 54 l)/55 J44 “ 1 4 for each mole of water disphccd Ac- 
cording to this calculation the mducncc of the salt on the diclcctnc constant 
depends uixm the water displaced 

Assuming that salt docs not contnbute to the diclcctnc constant of the sjlutjon, 
the influence of 2 mole of salt on the 0 5 mole glyane, instead of increasing D from 
89 84 to 90At, dimmisbes it to 86 09 and for the 2 8 mole glycine instead of 
increasmg D from 141 82 to 144 85 diminishes it to 138 24 These U o assump- 
tions, illustrated by the data m Table II arc oppo'itc In direction and approxi 
matcly equal m magnitude All of our results have been calculated in these ways 
and no csacntial differences m the results obtained were observed We have 
therefore tentatively chosen the simplest procedure of employing the diclcctnc 
constant of the salt free systems measured (column 3, Table II) in the following 
calculations 
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In our studies at low dielectnc constant we have corrected for 
Coulomb forces by multiplymg the logantlim of the solubihty ratio 
by the ratio of dielectric constant of the solution, D, to that of water, 
Z>o, and the electrolyte concentration by B^ID (3, 5) The quantity 
(Z>o/T>)(r/2) is proportional to k- m Debye’s electrostatic force theory 
In the case of mteraction between ions and dipolar ions terms in k, 
or the square root of (Do/D)(r/2), vanish (17), and the first term is 
therefore m If therefore we plot the measurements, made at 
different glycme concentrations, and therefore at different dielectric 
constants, with (Z)o/D)(r/2) as abscissa and (D/Do) log iV/iV' as 
ordinate, all the curves should comcide provided the mteraction 
between ions and dipolar ions at such high dielectnc constants were 
completely ascnbable to Coulomb forces 
Although our studies upon glycme m regions of low dielectric con- 
stant mdicate that as a first approximation Coulomb forces suffice for 
the mteraction between glycme and hthium chlonde (3, 5, 11), the 
measurements now reported upon cystme m systems contammg 
glycme and sodium chloride are not adequately descnbed by this 
assumption Indeed, curves plotted m the above manner do not 
appear even to 3 aeld the same Imutmg slope at low values of k-, sug- 
gestmg therefore that another term must be considered 

In the case of protems one must take mto account both the solvent 
and the salting-out effect of neutral salts (1, 2, 9, 18, 19) The saltmg- 
out effect has also been shown to be important for gases, for such 
organic molecules as succmic acid (12), for electrolytes (10, 15), and 
for certam ammo acids (8, 1-1) Among these cystine is especially 
mterestmg for it exhibits both the solvent and saltmg-out effect 
characteristic of salts and of protems For the case of cystme m 
systems contammg sodium chlonde and glycme, we tentatively defined 
the limiting slope m terms of the equation (5,® see also 13) 


D N 



( 2 ) 


On the basis of this equation, where and K, are constants, the 
for the saltmg-out effect, were we to plot {D/Do) log N/N -f- A^,(r/ ) 


® Cohn (5), p 271 
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against (Do/X>) (r/2) and give to K, the value 0 U, all of the measure 
ments upon sodium chloride would extrapolate to the same hmitmg 
slope for the systems here reported Not only is this true, but the 
curves essentially comade throughout their extent (Fig 2) The 
same holds if the value for K, m systems contaming sodium sulfate 
is tahen as 0 18 Smee all of the measurements that are reported fall 
upon a smgle curve or family of curves when plotted m this way, we 
have a method of charactenamg the activity coefficients of cystine in 
systems contammg ions and other dipolar ions 
Any equation tor the curve in Fig 2 would yield values for the 
activity coeffiaents of the cystme m these systems An empincal 
expression, on the basis of which the curve in Fig 2 is constructed, 
has tentatively been adopted and has the form 


£ 4 . 1 -^ Oarr gB + A(D,/D)(r/ 2 ) 'l 
D. ® 2 V 2 ” D 2 L 1 + B WD)(r/ 2 ) J 


(3) 


This equation is an extension to systems of high but varying dielectric 
constant of the equation previously employed in descnbing aqueous 
systems contammg cystme and neutral salts Although there are 
four constants in this equation, Kn and K, have the values (13), and 
appear to have the significance, previously ascribed to them KirL- 
wood has suggested that tlie magnitude of the saltmg out effect could 
be determmed entirely by the relation* 


iiNt’ V D - l 
2303DoKr a 2D + 1 


(4) 


provided it depended upon the dipolar ion displacmg a certam quan 
tity of solvent and reducing the polarization of the solvent by the salt 
ion In tills expression b is the radius of the dipolar 10 ns and a the 
sum of the radii of 10 ns and dipolar ions Takmg b for cystine as 3 94 A 
(5, 13) and a for cystine and sodium chloride as 5 15 A, the value of 
K calculated by the above equation is 0 14, in excellent agreement 
with that expenmentallv determmed The agreement m the case of 

• Personal communication The equabon given previously (Cohn E J , 
The chemistry of the protems and ammo acids, m Luck J M , Annual review 
of hiochemistry, Stanford University, I93S, 4, equabon 28) shouldbemulbphedby 
Da/Dlo yield the form given above and the mBuence of the dielectric constant 
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certain other ions and dipolar ions is less satisfactory, indicating that 
other forces are also merged m the saltmg-out effect 
Kirkwood s theory for the mteraction between spherical dipolar 
ions and electrolytes should yield Kb m terms of the above values of a 



Fig 2 Interaction between glycine, i^stine, and neutral salts m aqueous 
solutions differing in ionic strength and in dielectric constant 

and b and the distance of the charged groups from each other and from 
the edge of the molecule For the case of cystme, if we assume that 
each dipole has the same length as that of glycme, namely 3 17 A, 
and the same distance from the edge of the molecule, namely 1 23 A, 
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Uie lumting slope Kb has a value close to that estimated from these 
expenments, provided the two dipoles are considered to be at an angle 
of 90 degrees to each other, the position they would assume on the 
basis of free rotation about the S S hnkage The solubihty ratios a^ 
low ionic strength are, however, higher than those calculated w ith the 
Kirkwood equation on this assumption, but not on the assumption 
that the dipoles are more nearly parallel (13) 

Kirkwood’s equation 21 (11), e'tpanded only through the quadrupole 
term, does not at higher lomc strength yield an adequate descnption 
of the shape of the curve in Fig 2 This might not be true were all 
the higher terms of his equation 21 (11) taken into account, but m 
that case the eiqiression would be very cumbersome It is for this 
reason that equation (3) has been developed in such a form that the 
terms in Ka and K, dominate at low values of the lomc strength 

For concentrated salt solutions, however, it is K, and the terms m A 
and B which dominate the equation At sufficiently high concen 
trations, the term Kb will become neghgible and the above right hand 
expression will approach a straight Ime m respect to (Do/D)(r/2), 
havmg the slope A/B For the case of cystme and sodium chloride, 
A = 0 36 and B = 2 1 The slope A/B equals 0 17 and is greater 
than the value of K„ and solubdity will therefore mcrease m all 
concentrations of salt This slope is, however, smaller than the value 
of K, assumed for sodium sulfate 

The above equation is relatively msensitive to the constants A and 
B and even their ratio caimot be considered as well known as the 
constants Kb and K, There is very httle doubt, however, that when 
the ratio A /B is large m comparison with K, salt will mcrease solubihty 
at all concentrations Only when K is large with respect to A/B 
preapitation wiU occur, and the saltmg-out constants observed m very 
concentrated salt solutions represent the difference between the value 
of the above ratio and the true saltmg-out constant K , which must 
be taken mto account at all concentrations Thus for cystme in very 
concentrated ammomum sulfate (13) over the range in which the 
logarithm of the solubihty vanes mversely as the ionic strength, the 
apparent saltmg-out constant is 0 OS, or approximately one-thnd the 
value 0 16 for K adopted from considerations such as those that have 
here been developed 
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More significant, however, than any other relation in equation (3) 
IS that between Kr, K>, and the dielectric constant The higher the 
dielectric constant the smaller the value of the term contammg Kr 
relative to that contammg K, Thus it follows that Coulomb forces 
will play a smaller role, and the saltmg-out efiect a larger role, m 
determmmg behavior the higher the dielectric constant Smce 
biochemical systems are generally rich in dipolar ions, and therefore 
wiU often have high dielectric constants, it follows that those forces 
associated with the saltmg-out effect must be taken mto account m 
such systems not only m concentrated salt solutions but even m 
solutions of low ionic strengths 

SUMMARY 

1 As an mtroduction to the relations that obtain m biochemical 
systems containing several components, some lomc, some dipolar ionic, 
the solubihty of cystme has been mvestigated m the presence of glycine 
and neutral salts 

2 Both glycme and sodium chloride increase cystme solubility at all 
concentrations The mteraction between cystme and ions is, how- 
ever, diminis hed -nath mcrease m glycme concentration, and the 
mteraction between cystme and glycme with mcrease m ionic strength 

3 Sodium sulfate also mcreases the solubihty of cystme, but at 
concentrations greater than one molal its solvent action is smaller 
than its saltmg-out effect, which is greater at aU concentrations than 
that of sodium chloride, and greater the higher the glycme concen- 
tration 

4 These mteractions are defined by an equation givmg the solubil- 
ity ratio of cystme m terms of saltmg-out constants, constants related 
to the electric moments of cystme, and to the lomc strength and 
dielectric constant of the solution 

5 The higher the concentration of glycme and therefore the dielec- 
tric constant of the solution, the smaller that part of the mteraction 
between ions and dipolar ions which depends upon Coulomb forces 
and the greater appears the saltmg-out effect 

6 Conversely, the greater the lomc strength and the saltmg-out 
effect the smaller the mteraction between dipolar ions m solution 
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THE ACCUMtTLATION OF ELECTROLYTES 
IX Replacement op Ammonia dv Sodium and Potassidm 
B v A G JACQUES 

{Frem the Lahoratenes of The Rockefeller Institute for Medical Research, New York, 
and The Bermuda Biological Station for Research, Inc , Bermuda) 

(Accepted for publicaDon, December 20, 1937) 

Previous papers' ’ have described the accumulation of ammoma' 
by Valoma macrophysa, Kdtz , from sea water containing very small 
concentrations of ammomum chloride In such cases the gam m 
ammonia is accompanied by a loss of potassium 
In the present paper the exit of the accumulated ammonia mto 
ammoma free sea water is discussed This exit is accompanied by an 
mtahe of sodium or potassium In weak light, sodium alone enters, 
m stronger hght, potassium is also taken up 
The experiments were earned out in 4 stages 
Stage I — ^The cells were placed m rather dun hght m sea water to 
which ammomum chlonde had been added Durmg this stage they 
stored ammonia 

Stage n — The cells were placed m ammonia free water m dim light 
and the exit of ammoma was followed Sodium was taken up 
Stage III — ^The exit of ammoma contmued but in stronger hght 
Both sodium and potassium were taken up 
Stage IV —The cells were replaced in sea water to which ammonium 
chlonde had been added They agam took up ammoma 

EXPEKIMENTAL 

The expenments were earned out m Bermuda in the winter of 1936-37 and 
supplemented by some eipenmeuts m the summer of 1937 * A typical experiment 
will be desenbed m detail 


' Cooper, W C,Jr and Osterhout, W J V,/ Gen Wiysio; , 19o0-31,ld, 117 
“Jacques, A G , and Osterhout, W J V ,J Gen Physiol , 1930-31 14,301 
’ The term ammoma as used m this paper means total ammoma • e , NH,+ 
NH.OH + NHJ- 

* The usual difficulties associated with the work on Valoma m the summer were 
665 
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Stage I —A group of about 1000 cells (selected to exclude large and small ones) 
was exposed to sea water containing 0 0025 ii NH^Ci at pH 8 2, m a 4-galIon bottle 
The bottle was suspended, immersed, in a long concrete tank, through which a 
rapid stream of sea \/ater ran In this way cooling and agitation was secured 
since the bottle swayed back and forth in the current and the cells in the bottle 
were gently stirred 

Two smaller groups of cells in smaller bottles were similarly disposed in the 
tank These \/ere used in measuring the volume change, and as in previous 
work it was assumed that the volume change of these cells was characteristic of 
the larger group 

The only illumination provided was the rather dim daylight present in the 
basement laboratory 

The cells were allowed to accumulate ammonia for 16 days 
Stage II — The cells were then transferred to a large glass aquarium in which 
a rapid stream of natural, nearly ammonia-free sea water was maintained The 
aquarium was immersed to within a few inches of the top in the large concrete 
tank Each group of “volume*' cells was placed in a wide tube closed at each end 
by a wide mesh gauze These Mete placed in the aquarium During this stage 
the cells lost ammonia This stage lasted 16 days 

Stage III — ^Aftcr 16 days the glass aquarium with the cells was transferred to 
a covered veranda with an eastern exposure The illumination during the whole 
of this stage was bright daylight, but the cells were protected from direct sunlight 
by the lattice screens of the veranda This stage lasted 10 days 

Stage IV — Ihe fe\/ remaining cells were transferred to sea \/ater containing 
0 0025 II NH 4 CI, and i/ere permitted to reaccumulate ammonia for 7 days 

At intervals during the first three stages, cells were removed and the sap 
extracted for analysis, for ammonia, potassium, sodium, and halide At the same 
time the volumes of the “volume” groups were determined by the method described 
in a previous paper ® The potassium was determined by the micro-chloroplatinate 
method desenbed in a previous paper,® using 0 1 ml samples, measured out by 
means of the washout pipette described by Pregl ^ The sodium was determined 
by the Barber and KolthoCP zinc uranyl acetate method, using 0 5 ml samples 

encountered, and several experiments were abandoned because of the high mor- 
tality during the accumulation stage Eventually, by resorting to cooling, 
mortality was reduced belov/ a reasonable limit and results were obtained, which, 
since they agree with those obtained in the winter when mortality is not a factor, 

must be regarded as significant __ 

® Jacques, A G , and Osterhout, W J V , / Oen Physiol , 1931-32, 15, o37 
® Jacques, A G , and Osterhout, W J V , / Gen Physiol , 1934-35, 18, 967 
’ Pregl, F , Quantitative organic micro analysis, first English edition, P Blak- 
iston’s Son and Co , Philadelphia, 1930, p 118 

® Barber, H H , and Kolthoff, I M , / Am Chem Soc , 1928, 60, 162a, 1929, 

61, 3233 
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measured out with Pregl’s pipette Because of the relatively high concentration 
of potassium m the sap, double the usual amount of reagent was used, and the 
determinations were earned out at a temperature of 21-23 C * 

In both the potassium and sodium analyses the sap was evaporated to dryness 
in platmum and ashed at about 300®C to remove organic matenal and ammomum 
which mterfere ^Ylth the potassium analysis 

Ammonia was determmed by means of Nessler reagent,^ “ usmg the Zeiss 
Pulfnch “step-photometer " 

The sap samples, which vaned in volume from 1 to 0 1 ml , were subjected 
to steam distillation in an apparatus similar to that desenbed by Teorell,^^ and 
the ammonia was caught m 10 ml of 001 n H1SO4 solution Previously** when 
we used this method we faded to obtain a linear calibration curve at higher concen 
trations for the relationship betw cen the “extinction coeffiaent" and the concentra 
tion of ammoma. In the present case this difficulty was overcome by mcreasmg 
the quantity of Nessler s reagent used 

Halide was determmed on 0 1 ml samples by elcctromctnc titration with 0 04 
M AgNO] usmg a silver electrode as the mdicatmg electrode. 

In order to average the natural differences among the cells, the minimum 
number taken (or analysis was 40, and m a number of cases the sap was extracted 
separately m two equal lots and separate analyses were made on each, m order to 
get an idea of the natural vanation 

The data for a typical experiment are given m Table I and Tig 1 
Where two analyses were made both are given and also the average 
In the figure the results are expressed as moles X ICP, t c , concentra- 
tion X volume X 10* The advantages of this have been discussed 
m a previous paper * 

The curves have been drawn free hand to give an approximate fit 

DISCUSSION OF RESULTS 

As Tig 1 shows, during Stage I ammoma entered the cell The 
rate of gam of moles of total ammonia* was nearly linear This point, 
however, will not be stressed unless confirmed by further experiment, 

* At IS^C large amounts of potassium zinc uranyl acetate were preapitated 
along with the sodium compound 

Nessler s reagent accordmg to Fohn \Vu (Folm, 0 , and Wu, H J Biol 
Che}n , 1919 38, 81) As suggested by Folin and Svedberg (Folm, O , and Sved 
berg A J Biol Cliem , 1930 88, 77) 2 drops of gum ghatti per 50 ml of the 
ammonia distillate were added before the addition of the Nessler reagent 
“Teorell,T Btochem Z Bctlm, 1932 248, 246 
“ Jacques A G Proc Nat Acad Sc , 1935, 21, 488 
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although It agrees with results previously obtained » At the same 
time there was a loss of moles of potassium, also m agreement with 
previous results It seems not unlikely, m view of the scattermg of 



Fig 1 Curves showing entrance and exit of ammonia (X), potassium (•), 
and sodium (O) in Valonia 

Stage I — ^The cells were in dim hght m sea water containing 0 0025 ir ammonia 
(NHj + NH 4 OH + NH 4 +) Ammonia increased, sodium and potassium came 
out 

Stage II — The cells were m dim hght in normal sea water (nearly free from 
ammoma) Ammonia came out and sodium went in, potassium remained more or 
less constant 

Stage III — ^The cells were in stronger light in normal sea water Ammonia 
came out, sodium and potassium went in 

the potassium points in Stages II and III that the regulanty of the 
curve is fortmtous However, there is no reason to doubt that potas- 

Jacques, A G , and Osterhout, W J V , / Gen Physiol , 1930-31, 14, 301 
Up to 20 days the rate of gam of moles of ammonia was approximately linear, 
thereafter it decreased 
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Slum came out In this stage also there was a loss of sodium from the 
sap, and this appears to have taken place chiefly in the first 4 days 
Although the measurements were somewhat irregular, there seems 
also to have been some increase in volume during this stage This 
perhaps represents the stretching of the cell wall which occurs when a 
rapidly penetratmg substance, such as ammonia, is present in the sea 
water Evidence of this stretching was seen in the very noticeable 
increase in turgidity 

From the table it appears that durmg Stage I the sap lost 0 09 X 
10~’ mole of potassium and gained 0 21 X 10"’ mole of ammonia 
Dunng Stage If in which the cells were exposed to a flow of normal, 
nearly ammonia free sea water, m dim light, there was no definite 
change m the number of moles of potassium in the sap The pomts 
are somewhat irregularly scattered about the curve, and the trend, 
if tliere is any, is only slightly upwards 
In this stage ammonia passed out of the cell The rate of exit was 
slower than the rate of entrance during Stage I In the first 16 days 
of exit the cell lost about half the ammonia it had accumulated in the 
previous 16 days, so that the rate of exit was roughly half the rate of 
entrance In other experiments relative rates of the same order were 
observed 

During Stage II there was no significant change m the moles of 
potassium, but the sap lost 0 095 X 10~’ mole of ammonia and gamed 
0 098 X 10“* mole of sodium 

Dunng Stage III in which the cells were exposed to runnmg ammo 
nia free sea water m bnght daylight, as Fig 1 shows, the potassium 
moles increased The pomts are somewhat scattered, but the fact of 
the mcrease is not m doubt 

The exit of ammoma continued during tins stage, at first at a mark- 
edly greater rate, but towards the end of the experiment the rate fell 
off as the concentration of the ammoma m the cell decreased 
The behavior of sodium m tins stage was roughly the mverse of the 
behavior of ammonia, but the increase m the rate of entrance of 
sodium was greater than the mcrease m the rate of ammoma exit, and 
the subsequent falling off m the rate of entrance of sodium was not 
nearly so great as the falhng off in the rate of exit of ammonia 
Consequently the sap as a whole gamed more moles of sodium than it 
lost of ammoma 
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While the cells lost 0 11 X 10-» mole of total ammonia they gamed 
0 16 X 10-3 mole of sodmm and about 0 07 X 10-“ mole of potassium 
or 0 23 X 10-3 mole in all, a net gam of 0 12 X lO"’ mole About one 
half of this IS accounted for by the increase in volume and the re- 
mainder probably represents the increase in total concentration which 
is usually observed when the cells are taking in electrolytes in daylight 

The shape of the ammonia exit curve indicates that ultimately the 
exit would cease at a very low internal concentration of the same order 
as that found m naturally growing cells This is somewhat variable 
but over a period of years we have found it to be as high as 0 0006 m* 
and as low as 0 0002 m “ In any one collection kept under similar 
conditions, the variation of samples from uniform groups of 10 to 20 
cells is usually much less than this The source of the ammonia is 
unknown Possibly, however, it is the result of “accumulation,” smee 
natural sea water contains traces of ammonia “ 

If the pH of the sap at the end of Stage III was 6 0 the concentra- 
tion of undissociated ammonia in it would have been 1 44 X 10“’' 
And if the external pH were 8 2, the concentration of undissociated 
ammonia in the sea water, taking 0 000002 m as the average for total 
ammonia, would have been 0 67 X 10“’' But since the cells were 
illuminated during the daylight hours the external pH was probably 
greater on the average than 8 2 If it was 9 4 during the day and 8 2 
during the dark the average would be 8 5 and the external concen- 
tration of undissociated ammonia would be 1 29 X 10“^ These 
calculations are only approximate but they indicate that the concen- 
tration of ammonia naturally present in cells is of the right order of 
magnitude for accumulation of total ammonia (with undissociated 
ammonia approximately equal outside and inside, possibly going in 
during the day and out at night) 

It IS possible, however, that the ammonia naturally present in the 
cells IS the result of metabolism Unpublished results of the author 
indicate that there is a significant concentration of nitrate m the sap 
and the reduction of this at the protoplasmic surface may produce 
ammonia in the sap In that case ammonia might escape into the sea 
water until the “accumulation equilibrium” indicated above was 
established 

*■* Author’s unpublished results 

15 analyses are available for Bermuda sea water Sec footnote 
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Let us now consider the factors detemunmg the movement of 
ammoma, potassium, and sodium durmg the experiment 
In Stage I the external pH was 8 2 (average for sea water m Ber 
muda) and the concentration m sea water of total ammonia’ was 
0 0025 u “ For convenience, pK «4 is taken as 9 66‘ for both sap and 
sea water, smce their ionic strengths are not far apart From these 
values the undissoaated ammonia in the sea water is 3 35 per cent 
of the total ammoma or S 38 X 10-‘ M And if the pH of the sap was 
6 0, corresponding to an undissoaated fraction of 0 02 per cent, the 
concentration of undissoaated ammoma in the sap at the end of 
Stage I was 1 61 X 10"’ or about 20 per cent of the outside concen- 
tration of undissoaated ammoma Under these circumstances it is 
not surprising that the back diffusion was unimportant as evidenced 
by the shght curvature of the ammonia accumulation curve towards 
the time axis 

In an experiment reported previously the curve of ammonia accumulation 
likewise w as nearly bnear up to 20 days even though the concentration of ammonia 
outside was only 0 001 ii and the internal concentration of ammonia was greater 
than was attamed m the present experiment However m a former experiment, 
accumulation took place in da> light so that the external pH, due to pbolosynthetic 
removal of carbon dioxide, may have been much greater m the layer of sea water 
next to the protoplasm At pH 9, which may easily be possible m the vicmity of 
the cell, durmg photosynthesis, the undissoaated fraction of ammonia would be 
about 18 per cent, so that the concentrabon of undissociated ammonia m the 
sea water may have been 18X10-’u At the end of 20 days the total ammoma 
m the sap was 0 1119 st and assuming the pH to be 6, the cortespondmg concentra 
tion of undissoaated ammonia 2 2 X 10-’ So m this case also back diflusion may 
have been unimportant 

Now the rate of entrance of ammonia is considered to be propor- 
tional to the gradient of concentration of undissoaated aiiunonia m 
the non aqueous protoplasmic surface layer and provided the parti 
tion coefficients between the sea water and protoplasmic surface and 

Neglecbng the s mall concentration of ammonia normally present m the cells 

u The assumptions and steps leading to the adopUon of this value have been 
given m another paper Qacques AG,/ Cm Physiol 1935-36 19, 403 409) 
and need not be repeated here 

‘•Accordmg to Zschede (Zschede, F P Jr Proloplasma, 1930, 11, 481) the 
lomc strength of Bermuda sea water is 0 72 and of Valonia sap 0 67 The latter, 
corrected for a misprmt m the concentration of calaum in the sap becomes 0 61 
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sap and protoplasmic surface are approximately equal, which seems 
not unlikely, the rate is also proportional to the difference of concen- 
tration of undissociated ammonia between the sap and sea water 
In Stage II during the exit of ammonia the average mternal concen- 
tration of undissociated ammonia (assummg the pH of the sap to be 6) 
was 1 22 X 10~® and since the sea water is nearly ammonia-free, the 
back (mward) diffusion must have been very small indeed 
We have no figures for the concentration of ammonia m Bermuda 
sea water but using the average value of the analyses made elsewhere 
by others,^® viz 0 000002 m, we get for the concentration of undisso- 
ciated ammonia in normal sea water 6 6 X 10“® If now we compare 
the inward concentration gradient in Stage I with the outward con- 
centration gradient in Stage II we find that the former is about 6 
times the latter, but the rate was only about twice as great But it 
seems probable that the entrance of ammonia increases the pH of the 
sap Such changes have been observed experimentally^ and from a 
theoretical standpoint we should expect, as ammonia accumulates, 
that the ammomum bicarbonate equihbrium would dominate the 
buffer situation instead of the potassium (and sodium) bicarbonate 
equihbrium Under the simplest assumptions the nudpomt pH of 
this system would be given by the relationship 

pH = JpK.H,0 + aPK'a — IpK'i, 

whence pH = V 84 =“ This value, however, may be too high since, 
as Wegscheide®! has shown, the ammomum bicarbonate equilibrium 
may be modified by the presence of ammonium carbamate, produced 
by the reversible reactions 

NH^HCOi ^ NHzCOOH + HjO 

and 

NHjCOOH + NHj NHoCOONH, 


1® Robinson, R J , and Wirth, H E,/ conseil intcrmt exploration mer,\9Z^, 
9 (1), 15, 193, 1934, 9 (2), 187, found for the surface waters of Puget Sound ana 
for the Pacific Ocean off Vancouver Island 0 000012 M, and Sera ell, H 
1931, 12, 485, found for the AtlanUc Ocean off Mount Desert, Maine, 0 000 

pKh.o = 14 00, pK^ = 6 06, pK,' = 4 34 The reason for the choice of these 

values has been given in a previous paper See footnote 17 
Wegscheide, R , Moitalsh Chein , 1916, 37, 425 
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The effect of this factor depends (a) on the concentration of carbamate and (6) 
on the dissoaation constant of carbamic acid According to FaiirhoIt’s“ curves 
at pH 6 0 the fraction of the carbonic compounds, n COi, IfjCOjHCOi, COi , and 
NHjCOO' present as carbamate is extremdy small but at pH 7 84 it is about 5 per 
cent of the total Also according to Taurholt the ionization constant of carbamic 
aad must be greater than 10-’ and is probably much greater than this It has, 
however owing to experimental difficulties not been measured satisfactorily 
The most we can say therefore is that in allprobabibty the formation of carbamate 
as the pH of the sap nses will tend to limit the amount of nsc It should be 
pointed out also that the formation of ammonium carbamate would tcmporanly 
immobibze part of the ammoma entering the cell But as the ammoma is removed 
the pH of the sap will drop and the carbamate will be decomposed Hence the 
carbamate can affect only the rate of exit and not the equihbnum between the 
sap and sea water 

The effect of an increase in the pH of the sap during accumulation 
■mil be to increase tlie back pressure and so decrease the rate of 
entrance of ammonia On tins account the estimate that the mward 
gradient during accumulation was 6 tunes the outward gradient during 
eat may have been too high There remams also to be considered 
the possibihty that exit takes place when the pH of the sap is higher 
than 6 0 If, as suggested above, the ammonium bicarbonate eqm- 
hbnum dommates the pH situation, as long as there is much ammo 
ma m the sap, we should expect the pH to be greater than 6 0 Be 
cause of the uncertamty due to the carbamate we can only estimate 
roughly the extent of the nse to be expected If, however, the mter 
nal pH increased to 6 5, the average concentration of undissoaated 
ammonia dunng the first exit stage (Stage II) would have been about 
0 042 X 10~‘ M, that is, about one half the external concentration of 
undissoaated ammoma during the accumulation stage 

These approximate calculations mdicate that the inward and out- 
ward rates may well be proportional to Uie gradient of undissoaated 
ammoma 

Let us now consider the behavior of sodium Dunng the accumu- 
lation of ammoma m all previous experiments,’ -• which were earned 
on m bnght hght, we observed that sodium as well as ammoma entered 
the ceU This is to be expected on theoretical grounds smee m bnght 

” Faurholt, C , J dim physique^ 1925, 22, 1 
’ Also unpubhsbed results 
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light the increase in pH of the sap produced by ammonia could scarcely 
be great enough to abohsh the difference of chemical potential be- 
tween sodium hydroxide outside and mside It is well known that m 
bright hght the pH of the sea water adjacent to the cell can be raised 
to 9 6 or higher by photosynthesis 
In the present experiments performed m dim hght (Stage I) the con- 
centration of sodium remamed approximately constant m all experi- 
ments except m that shown m Fig 1 where the curve indicates that a 
loss of sodium occurred dunng the first few days and that sodium there- 
after remained approximately constant This suggests that the mitial 
pomt IS too high and that the sodium actually remamed approximately 
constant dunng the entrance of ammonia If the pH values mside 
and outside were such as to make sodium come out it would seem 
that more ammoma entered than would be expected 
When the lUurmnation is low and photosynthesis is reduced there is 
a constant escape of carbon dioxide from the cell and this may well 
reduce the pH of the layer of sea water adjacent to the protoplasm 
below 8 0 We cannot deter min e the extent of these pH changes, 
but at any rate we can say that the rate of entrance of sodium should 
be much less when the hght is dimimshed 
As Steward'^ has recently affirmed his behef that the loss of potas- 
sium and the gam of sodium durmg accumulation of ammoma indi- 
cate injury, it seems desirable to pomt out that sodium did not enter 
in dim hght and on theoretical grounds might not be expected to do so 
The question remams whether m the previous experiments there 
was mjury m the sense that in each analysis a few cells mjured, so as 

Steward, F C , Nature, 1935, 136, 553 More recently Steward and Martin 
(Stew'ard, F C , and Alartin, J C , Carnegie Insiiluhon of Washington, Pub No 
475, 1937, 87) have amplified the view that the changes m the concentration of 
potassium and sodium during the entrance of ammoma are the result of injury , 
chiefly on the grounds that (a) injury would cause changes in the direction ob- 
served, (6) in their experiments in the Tortugas m the summer the cells were 
obviously mjured Suffice it to say that the first argument is effectively met by 
the present results which show a loss of both potassium and sodium, and the 
second by the fact that the mterestmg senes of changes m the appearance of the 
cells descnbed by Steward and Martin for Valonia icnlrtcosa of Tortugas, in the 
summer, were completely absent m the case of Valonia macrophysa m Bermuda m 
winter 
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to be more permeable to all the constituents of the sea water, may have 
been mduded Reasons for rejectmg this possibihty have already 
been given These still seem vahd to us ‘ 

It IS evident that the pH of the aqueous solutions m contact with 
the protoplasm may be very different from that in the mam body of 
the solutions For example, when ammonia is entering the pH of 
the layer of sap m contact with the protoplasm must be considerably 
higher than the average pH of the sap as a whole 
We have no way of measunng the pH of the thm aqueous layers 
immediately in contact with the protoplasm, but we do know (a) 
that the entrance of ammonia can raise the pH of the sap, and (6) 
that in bright hght the photosynthetic removal of carbon dioxide can 
raise the pH of the sea water If we assume that the pH changes 
which have been demonstrated to take place m the body of the sap 
and sea water may take place much more rapidly and to a greater 
extent m the thm aqueous layers adjacent to the protoplasm, we can 
explam why potassium came out m Stage I, why sodium alone entered 
m Stage U, and why both sodium and potassium entered m Stage HI 
From thermodynaimc considerations the direction of movement of 
KOH through the non aqueous layers of the protoplasm will depend 
on the difference of free energy of KOH between the sap and sea 
water This is given by the equation 

4F - Jtr In (K),(OH) - KT In (K) COH) 

where o and t refer to the sea water (outside) and the sap (mside) 
respectively, and round brackets represent activibes (OH) is known 
with suffiaent accuracy from pH measurements For potassium it is 
more convenient to substitute [K] for (K), where the square brackets 
mdicate concentration This may be done without objection, because 
the ionic strengths of the sap and sea water are nearly aUke and hence 
the activity coeffiaent of potassium can be taken as the same m sap 
and sea water • 

= Ostethout,W I V , Nature, ms, ISB, mi 

“ As explained m a previous paper Hacques A. G , / Gen Pftystol , 1936-37, 
20, 737) tor convenience we assume that single ion acUvity coeffiaents have real 
existence. 
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In place of AF, we can use for the purposes of detennining the 
direction of movement, the difference [K]„(OH)„ and [K],(OII). 
Similar consideiations apply to other molecules passing through the 
protoplasm, such as NaOII, NaCl, etc 

In Stage I it is easy to see why potassium should leave the cell when 
ammonia goes in, for the ammonia laises the pH of the sap, partic- 
ularly in the layer m contact with the protoplasm, and presumably 
makes [K].(OH), > [K],(OH)„ 

In Stage II, when ammonia leaves the cell, we suppose that it 
lowers the pH of the layer of the sap adjacent to tlie protoplasm sulh- 
cicntly to make [K],(OH), appioximately equal to [K]^,(OII)„ During 
this stage, however, [Na]u(OH)o is gi eater than [Na].(OH), and 
sodium continues to cntei 

In Stage III, m brightei light, we suppose that photosynthesis 
raises the pH of the layci of sea water adjacent to the protoplasm 
This causes [K]u(OH)o to become greater than [IC],(OII), and potas- 
sium and sodium entei to replace the ammonia leaving the cell The 
process is aided by the decrease of ammonia m the sap whicli results 
in a decrease of the pH of the sap as the ammonium bicarbonate buffer 
system is leplaccd by the sodium and potassium bicarbonate buffer 
system 

It may be remaiked in passing that there was no suggestion of 
injury in the later stages any inoie than m Stage I (p 676) The fact 
that in Stage II the ammomuin was actually replaced entirely by 
sodium, must not be icgardcd as evidence of injury m the sense of an 
increase m the permeability of the protoplasm to all constituents of the 
sea water and sap There was no appearance of injury-^ m the cells, 
sulfate was absent from the sap, halide did not decrease, potassium 
did not decrease but in the last pait of the experiment actually in- 
creased All this indicates that sucli injury had not occurred 

Further evidence that the protoplasm has not been drastically 
altered by the ammonia treatment is found in the fact that after the 
removal of nearly all the ammonia the cells were again able to accumu- 
late ammonia from sea water containing ammonia There was a loss 

Regarding signs of injury see Osterhout, W J V , Ergchn Physiol , 1933, 

36, 967 
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of potassium, as Table I shows “ It is mtctestmg to speculate on the 
possibility that the cells might again replace most of the ammonia by 
sodium on removal to ammoma free sea water In such a case the 
sodium concentration might be nearly 3 times what it was at the start, 
and the potassium concentration only about 60 per cent of its imtial 
value, and the ratio of K/Na would be less than 1 There remains the 
possibihty that the ratio might be reduced even more Such cells 
might have very different electrical properties from normal Valoma 
cells This remams a subject for future investigation 
For convenience we have hitherto spoken of the entrance of potas- 
sium and sodium in the form of hydrates There is no objection to 
this so long as we are merely considenng the direction of movement of 
different substances or different rates of the same substance under 
different conditions, but when we compare the rates of entrance of 
sodium and potassium other considerations come in, as will appear 
from the foUowmg 


The situation when the cells ate taking m electrolytes from normal sea water 
maybe as follows 

pU ■=> 60 p(OH)i=80 pH. = 82 pCOH) = S 8 

K, = 0 5 u K, = 0 012 u Na = 0 12 u, Na. - 0 5 u” 


whence 


IKjfOH) - l0-”‘ INaHOH) - lO""* 
IKKOHJi = l(r<» INaKOH) = 10-«« 


It IS probable that the bases move through the protoplasm as If Y, where \ is 
the amon of a weak acid elaborated by the protoplasm As Osterhout*® has 
pointed out, at the interface between an aqueous phase and a non aqueous phase 
there are unsUrred layers m which the solutes move only by the relatively slow 
process of diffusion and that m the regions where the two phases are immediately 
m contact the solutes are m equihbnum across the boundary This equihbnum is 


“The fact that the rate of accumulation of ammoma was much greater m 
this stage is not necessarily sigmffcant, since the conditions of accumulation were 
different 

“ These are average values 

Osterhout \V J V , J Gen Physiol 1932-33, 16, 529 
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expressed by the partition coefficient, S, which is the ratio of the concentration of a 
solute in the non-aqueous phase to its concentration in the aqueous phase 

In the cell there are two pairs of unstirred layers, one at the sea water-proto- 
plasm, and the other at the sap-protoplasm interface Now we may safely 
assume that there are no gradients of concentration for or OH“ in the sea 
water or sap unstirred layers This will not be true for X- or HX since the 
concentration of X~ and HAT in the sea water must be taken as infinitely small 
However, the gradients for these substances may be numerically very small 
mdeed for the reason that MX and HX have extremely high partition coefficients 
In such a case the loss of MX and HX to the sea water may be very slow indeed 
The force of the above discussion is that M-^" and OH“ are known in the sap 
and in the sea water, and if there are no concentration gradients in the unstirred 
layers we also know their concentrations immediately at the protoplasmic 
interfaces 

Neither MX nor HX is known in any of the regions under discussion, but these 
terms will be ehminated ultimately from the rate equations Until this is done, 
however, we shall speak of MX op and TiXop where op refers to the thin region m 
the sea water unstirred layer, where the solutes are in equilibrium wth the proto- 
plasm For the sap-protoplasm interface we have a corresponding pair, MX,p 
and HLST.p 

Let us suppose that MX is formed in the sea water by the reaction 
M-*- -f OH- -1- HX M+ + X- + HjO 


ir^Ynx {Muxu 

*fM /oh is substituted for the more accurate value (/±)^ for practical reasons 
(see Jacques, AG,/ Gen Phystol , 1936-37, 20, 747) 


(a) 

whence 

(i) 


where/® is the activity coefficient in the sea water,/'"’ is the activity coefficient in 
the thm region m the aqueous unstirred layer, and ^byd is the hydrolysis constant, 
and since HX is a weak acid, /h^ may be taken as unity But 


(c) i,f^YMX[M]a{X]op — kdiM f uxiMXhp 

where ^dua is the classical dissociation constant Whence by substitution 

(i) and rearrangement. 


(d) 


[HX].p[iJ/]o/6H[OHl, 


AbyJ ^dlu /j/x[3/X)ap 

fil 


But 

(e) 


SoplMXlp = lMX]po 
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where the subscript Po refers to the unstirred non aqueous layer in the proto- 
plasm immediately m contact with the external aqueous phase, and 5 , is the 
partition coefficient For the sap we have similar relationships, 

t , — , f 

(/) IHX] ,Ufl</oulOHl< - j 

/it ‘ 

and 

Now disregardmg restriction due to the cell wall the rate of gam of by the 
sap should be given by 

(4) ^ - itX,d - ,1UX1 , - 

at 

where is the rate of flux through the protoplasm under standard conditions, 
which is analogous to the diffusion constant 
Now comparing equations (d) and (/) 

/iSx " /jfx and Ju - /if 

smee the ionic strengths of the sap and the sea water are close to each other, 
and 

/outOHl « (OH) and /ohIOH]< - (OH)* 

(where curved brackets refer to activities and square brackets to concentrations) 
Both of these are known if the pH of the sea water and sap are known Then 

/uxibrd.^diM /njr^hfd , 

j 

/if /if 

where i^coii is a collection of all the constants 
Now S p may be taken as equal to Sip and then 
dif DitXs . 

W UlHXUU/l (OH) ) - (lHXl„tM],(OH) )) 

Now if HX is elaborated equally throughout the protoplasm so that [HXl, «=* 
iHAJp* then provided that " Saxwehave [HX] p - [HX] , For the mo- 


The flux through the protoplasm depends to some extent on the aqueous 
phase between the non. aqueous surface layers (these two layers are treated as one 
m the present discussion) But the influence of the aqueous phase is probably 
very small It has been shown m a previous paper (Jacques, AG/ Gen 
Physiol , 1936-37, 20, 737) that the diffusion through the non aqueous layers is 
more than a milhon times slower than through an aqueous phase 



682 


ACCUMULATION OP ELECTROLYTES IX 


ment we shall make the assumption that this is true, and that these concentrations 
are constant 

Appl 3 nng equation (t) to K and Na entrance, hou for both may be taken as 
equal, since both are strong bases, and the ratio of the rates of entrance of K to 
Na IS then given by 

n) ^ [Kb(OH)„ - [K].(OH). 

i,Na 3 .Na {NaL(OH)„ - lNa].(OH), 

For convenience we may put DS — kcaii = P, the permeability constant The 
ratio of the concentration of potassium to sodium in the sap must be the ratio of 
the average rate of entrance and on this basis Osterhout^' has calculated that the 
permeabihty to KOH is 331 times as great as to NaOH With the values assumed 
m this paper, the ratio Pkoh ~ PNaOH becomes 236 The exact value, which will 
vary somewhat according to the analysis of sap, is unimportant In any case it 
mdicates a very large difference between the permeabihty of the protoplasm to 
potassium and to sodium This difference is probably due, as Osterhout pomts 
out, to a large difference in the partition coefficients 

These considerations serve to show how the relative rates of en- 
trance of sodium and potassium are deterrmned The fact that the 
ratio of K/Na m the sap is variable indicates that the relative rates 
of entrance may vary from cell to cell This raises the question 
whether they may not change for a smgle cell during its absorption of 
electrolytes On the whole the evidence indicates such changes 
Thus, as pomted out previously,- the ratio K/Na for small actively 
growing cells is greater than m large mature cells from the same col- 
lection This might be expected on the ground that the more active 
the metabohsm and the greater the production of carbon dioxide the 
lower will be the mternal pH A rise of internal pH will stop the 
entrance of potassium long before it stops that of sodium Steward 
and Martm^^ found that naturally growmg, well lUummated cells 
had a greater proportion of potassium than poorly illuminated ones 
The cause of the change need not be an increase in the permeabihty 
of the protoplasm Thus if the pH outside the protoplasm increases 
as the result of photos3mthesis without a change m the mternal pH, as 

32 Osterhout, W J V , Ergebn Physiol , 1933, 36, 991 

33 See reference 24 
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found by Crozier,^^ and if the value 236 for P j^oii “ P utou given above 
IS acceptable, we find that when the ettemal pH increases from 8 2 to 
8 5, using equation {k), K/Na increases at the steady state from 
0 SO - 0 12 = 4 2 to 0 SIS ^ 0 105 = 4 9, and at pH 9 0 to 0 S23 - 
0 097 = S 4 Such changes m the pH of the sea water m contact 
with the protoplasm appear to us to be quite possible in well illumi 
nated cells 

We are now in a position to take up the question, Why does sodium 
enter more rapidly when ammonia iscomingout m Stage II than under 
normal conditions? 

From the foregomg we derive the followmg equation for the rate 
of entrance of sodium as NaW, 

(0 ^ , - Ji.lNicVli,) 

We should expect sodium and potassium to enter as long as the 
products (K)o(OH) and (Na) (OH), are greater outside than mside 
But we find tliat when growth slows down and the entrance of water 
is lessened the entrance of sodium and potassium is also lessened 
The total hahde m the sap, which m the present experiments is a 
measure of the total electrolyte present," tends to remam approxi- 
mately constant This suggests that when the concentration of 
hahde in the sap reaches a certain value, which may be called for 
convenience the normal concentration, the penetration of electrolyte 
IS checked until the absorption of water lowers the concentration 
enough to penmt further entrance It might seem that a regulatory 
mechamsm existed for this purpose It should be noted, however, 
that m models where we see no special regulatory mechanism, water 
and electrolyte enter m a fixed ratio so that the concentration of elec 
trolyte in the artifiaal sap remains approximately constant ’• A 
regulatory mechanism might take vanous forms As equation (/) 

" Crozier, W J / Gen Physwi , t9I8-19, 1, 581 Sec also, Jacques, A G , 
and Osterhout, W J V , / Cm Physiol , 1953-34, 17 , 127 

** Sodium, potassium, and ammonium appear m the sap almost wholly as 
hahdes There is a httle nitrate and a htUe bicarbonate but they may be ne- 
glected m the present discussion 

’• Osterhout, W J V , and Stanley, W M J Cm P/iysiol , 1931-32, IB, 667 
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indicates, the rate of entrance of sodium appears to depend on (1) the 
concentration gradient of a sodium compound NaX m the protoplasm, 
(2) its partition coefficients between the aqueous and non-aqueous 
phases, and (3) its rate of movement, D, through the protoplasm 
under standard conditions 

It seems possible that when the concentration of hahde m the sap 
rises above the normal, the inner non-aqueous protoplasmic surface 
layer becomes suffiaently dehydrated to suffer a marked mcrease of 
viscosity and so to lower the value of D. 

Other factors may assist m checkmg the entrance of electrolytes 
under these conditions For example, the dehydration may also 
affect the partition coeffiaent of NaX at the inner non-aqueous proto- 
plasmic surface m such a way as to check entrance of sodium Thus 
if NaX IS more soluble m the non-aqueous protoplasmic surface than 
m water, the removal of water may mcrease the solubihty of NaX and 
so mcrease ■S'.p^ This will decrease the rate of entrance of NaX and 
hence of water 

The faster ammoma comes out of the cell the faster electrolytes 
can enter without exceedmg the normal concentration of hahde 
In Stage II,we suppose that potassium cannot enter because [K],(OH)i 
IS approximately equal to [K]o(OH)o but sodium can enter and will do 
so more rapidly than usual because ammoma is commg out 
This will be discussed more fully in another paper 

SUMMAEV 

Experiments on Valoma were earned out as follows 
Stage I — Cells m Him hght accumulated 0 08 m: ammoma (NHa + 
NH4OH -f NHt) from sea water contammg 0 0025 m ammoma (but 
the concentration of undissodated ammoma appeared to remam less 
mside than outside) Potassium came out 

Stage II —Cells m dun hght m nearly ammoma-free normal sea 
water lost ammoma which was replaced by sodium entenng from 
the sea water Potassium m the sap remamed practically constant 
Stage III —The cells were placed m stronger hght where the loss 
of ammoma contmued and potassium entered Sodium entered more 
rapidly than m Stage II 


Unpublished. 
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Stage IV — Cells transferred to sea water containing 0 0025 m ammo 
ma again accumulated ammonia up to 0 1345 m 
T he results m general harmonize with the view that the direction 
of movement of a base U through the protoplasm depends on the 
difference of the activity products (3/) (OH), and (1f).(OH)i where 
the subsenpts o and i refer to sea water and sap respectively 
On this basis, if the entrance of ammonia raised the internal con 
centration of OH suffiaently m Stage I potassium should come out m 
Stage I, as actually happened The behavior of sodium is m doubt 
If the mtemal pH m Stage II were sufficiently high sodium should 
enter but not potassium This was actually found 
In Stage HI, if we suppose that the effect of stronger hght is to 
increase the external pH (by photosynthesis) more than the internal 
pH (as found by Crozier) we can understand why potassium entered, 
because such an increase m pH could readily make the external value 
of (h.) (OH) greater than the internal This would also explam why 
sodium entered more rapidly than m Stage II 
When ammoma is commg out of the cell, sodium and potassium 
may enter more rapidly than usual without raising the internal con- 
centration of halide above a certam critical value at which entrance 
appears to be checked 
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Owing to Its rfile in the thyroid, the accumulation of iodine has 
aroused espeaal mterest 

Evidently we cannot understand how any sort of accumulation comes 
about unless we know what happens msidc the hving cell dunng the 
process Such mformation can be obtamed by usmg the very large 
multmucleate cells of certam marine algae (Ealtcyslis and Valoim) 
containing a clear wateiy sap which can be extracted with httle or no 
contamination In both these the concentration of iodide m solution 
m the sap greatly exceeds that m the sea water 
In both cases the chemical potential of Nal, XI, HI, and Cals is 
greater inside than outside It would therefore seem that an expendi- 
ture of energy on the pact of the cell is necessary to bnng this about 
It IS well known that the hahde concentration of the sap of both 
Valonta tiiacrof/iysa, KUtz , and Ealicystis Osterhoutis, Blinks and 
Blinks, IS greater than that of the sea water In Bermuda sea water 
the total hahde concentration is about 0 58 ii, in the sap it is usually 
more than 0 60 m but seldom as much as 0 64 sr This accumulation 
of total hahde amounts to 10 per cent at the most The object of the 
present paper is to show tliat iodide accumulates to a greater extent, 
particularly m the case of Habcyslss 
In the course of work on the rate of entrance of iodide into Valoma 
and mto Baltcyslss the sap from untreated cells was analyzed, and it 
was found that Valonui contained no iodide detectable by the ana- 
lytical procedure used at the tune, but there was mvanably an appre 
ciable concentration m Eaheystts sap Subsequently a more sensitive 
method was used for Valoma sap which revealed that there is some 
accumulation m it also 
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TABLE I 


Analyses of Sap of Hahcyshs Osterhouln for Iodide 


Descnplion of the cells 

Treatment pnor to sop extraction 

Concentration 
of iodide 

1 

Attached cells from several 

Kept m the laboratory m runnuig 

AT 

0 OOQ484 


sources 

sea water up to 12 mos 


2 

Attached cells from Tuckers 

Sap extracted immediately after 

0 000407 


Town 0 5 to 1 5 ml m volume 

! collection 


3 

(c u it u 

U CC it ii it 

0 000295 

4 

It (( t( (t 

Kept m laboratory in running 

0 000253 



water 4 hrs 


5 

Attached cells from Tuckers 

Kept m laboratory 3 wks in run- 

0 000655 


Town 30 small cells 0 5 

nmg sea water 

0 000642 


ml or less 


Av 0 000648 

6 

Attached cells from several 

Kept m laboratory m running sea 

0 000452 


sources 

water 12 to 18 mos 


7 

Attached cells from Tuckers 

(i it u (( 

0 000335 


Town 4 large cells 1 ml 




or more 



8 

Unattached large pale cells 

Kept 24 hrs m laboratory m run- 

0 000256 


stranded on beach 1 5 ml 
or more m volume 

1 mag sea water 


9 

One large unattached cell float- 

Sap extracted immediately after 

0 000204 


mg at sea oS Coopers Island 

3 mi 

collection 

0 000387 

10 

3 large unattached cells 

Kept m laboratory m runnmg sea 


stranded on beach at Ft St 
Cathenne 2 to 4 ml m 
volume 

water 4 days 

0 000453 

11 

Unattached cells floating m 

Kept m laboratory in running sea 


Ferry Reach 0 75 to 2 5 
ml m volume 

water 

0 000279 

12 

Unattached cells floatmg at 

Kept in laboratory in running sea 


sea lA mile west of Gurnet 
Rock, less than 1 ml m vol- 

water 24 hrs 



ume 


0 0002S9 

13 

Unattached large cells, 2 to 

(C it if ** 


4 ml m volume 


— 


Analysis 

The method of analysis usuaUy used for Hahcyshs was that described in a 
previous paper, ^ m which the iodide was oxidized to free lodme by potassium lodate 

^ Jacques, G , / Gen Physiol , 1936-o7, 20, 737 
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m the presence of tartanc aad But lu some cases KllnOr was used to oaidiac 
the iodide Results agreeing wrthm the limits of error of the method were ob- 
tained on the same sap samples Before analysis the sap was centnlugahzed to 
remove msolublc orgamc matter 

For Valoma, a 2 ml sample of centntugahzcd sap was first treated with 0 5 
ml of saturated bromine water and 0 2 ml of 5 per cent acetic aad, whereby the 
iodide present ivas oxidized to lodate Then the excess hromme was removed by 
boihng and an excess of KI was added The lodme formed was extracted into 
chloroform and determmed photometncally with the Zeiss Puifnch step 
photometer 

The sea water was analyzed for total inorganic iodine by the method of Rath 
and for iodide ion by the method of Winkler * 

The analyses were made jn Bermuda at various times in the winter 
of 1935-36, and of 1936-37 on the sap of Balicyslis cells from various 
sources Some of the cells were found growing attached, while others 
were stranded on beaches or floatmg at sea 

The Valoim sap analyzed was taken from cells of a composite col- 
lection made at various tunes in the winter of 1936-37 

Table I gives the results for Baltcysits which was most extensively 
mvcstigated 

The concentration of iodide in Valoma sap was found to be 1 1 X 
10-‘M 

In the sample of Bermuda sea water analyzed the iodide was found 
to be 5 T per liter and total inorgamc iodine 30 7 per liter This is 
a little lower than ReitW has found for total morgamc iodine, his 
highest value bemg 69 5 7 for the very concentrated Red Sea, and 
his lowest, 43 4 7 , for the North Sea His values are all somewhat 
higher than those ob tamed by other recent mvestigators Several 
older detemunations give much higher values, but these are un- 
doubtedly unreliable oivmg to analytical errors On the whole, 
therefore, we believe our value of 30 7 per Uter to be a sufficiently 
reliable one 


DISCUSSION OE EESULTS 

The average concentration of iodide for attached cells of Hahcysiis 
(1 to 7, Table I) is 0 000410 m, and for floatmg and stranded cells 

^ Reitb J F Rcc Irav chtm Fays has 1930 49, 142 
* Winkler L W Z aiigaa Chem 1916 29, 205 
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(8 to 13, Table I) 0 000311 m But this difference is probably not 
significant Greater differences occurred among the members of each 
group The average for the whole senes is 0 000361 m 

The accumulation of iodine by some of the algae has, of course, been known for 
a long time, and several qualitative and quantitative analyses have been made * 
Most of these mvestigations deal with the brown algae which are the richest in 
lodme (espeaally Laminaria) and m most cases the results are expressed in terms 
of per cent of fresh or dry weight, without reference to the form in which lodme 
occurs or to its concentration 

Kyhn,'^ however, beheves that iodine occurs m easily decomposed organic 
combmations and as iodides, but never as free lodme in normal plants, which is 
also the view of Chemin and Legendre,^ and Mangenot But Dangeard^ and 
Sauvageau^ believe that free lodme is a normal constituent of some cells Dillon® 
suggests that lodme is stored by the union of free iodine m the plant with un- 
saturated organic compounds, while Freundler^ and his co-workers have stated 
that m Laminaria (which they have mvestigated thoroughly) at certain times of 
the year up to one half the total lodme is present m a form which cannot be 
demonstrated analytically even though the plant is ashed Freundler® has 
suggested that part of the lodme might at certam times be present as “latent 
lodme” which he regards as an isomer of lodme and a higher isotope of tin of atomic 
weight 127 and atomic number 50 This form is supposed to be transformable to 
ordinary lodme imder certam conditions Freundler'^ and his co-workers have 
also suggested that m the case of Laminaria which, according to their analyses, 
contains tm and rubidium, complexes involving sodium, tm, and iodine, and 
rubidium, tin, and lodme, are concerned in the latent lodme problem 

* Okuda, y , and Eto, T , J Coll Agric , Tokyo, 1916, 6, 341 Freundlcr, P , 
Laurent, Y , and Menager, Y , Bull Soc chim France, 1922, 31, series 4, 1341 
Freundler, P , Compt rend Acad sc , 1924, 179, 1421 Lelievre, J , and Menager, 
Y , Compt rend Acad sc , 1924, 178, 1315 Freundler, P , Laurent, Y , Mena- 
ger, Y , and Lehevre, J , Soc chim Fronce, 1925, 37, series 4, 1466 Chemin, 

E , and Legendre, R , Compt rend Acad sc , 1926, 183, 904 Sauvageau, C , 
Rev hot appl Agr Coll , 1926, 6, 169 Chemm, E , Bull Soc hot France, 1928, 
76, 540 Mangenot, G , Compt rend Acad sc , 1928, 186, 93 Bull Soc hot 
France, 1928, 76, 519 Dangeard, P -A , Bull Soc hot France, 1928, 75, 509 
Kyhn, H, Z physiol Chem , 1929, 186, 50 Dangeard, P-A, Compt rend 
Acad sc , 1929, 189, 862 Lunde, G , and Closs, K , Btochem Z , Berlin, 1930, 
219, 198 Trofimov, A , Planta, 1934, 23, 56 

® DiUon, T , Nature, 1929, 123, 161 

® Freundler, P , Introduction a I’etude des complexes biologiques. Pans, IdJS, 

^ 7 Freundler, P, and Laurent, Y, Compt rend Acad sc, 1924, 179, 1049, 
Bull Soc chim France, 1925, 37, senes 4, 1133 
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These views have not met with much approval, most investigators beheving 
that faulty analytical procedures are responsible for the curious results obtamed 
Kylin* beheves that most of the iodine m Laminaria is m the form of iodide 
But Lunde and Gloss' found that for different parts of the plant the percentage of 
iodine m the form of iodide vanes from 89 to 36 per cent 

Only one investigator, Trofimov,* has attempted to dcterimne the 
actual concentrations of iodide in tissues of algae His potcntiometnc 
method, involving a silver needle electrode, which is thrust into the 
tissue, 13 open to large errors, but gives approximate values for the 
activity of the iodide ion But the needle traverses many cells and 
intercellular spaces, so that the potential observed is not due to 
cell constituents alone 

His results for Lamtttana indicate iodide concentrations between 
0 00004 M and 0 0030 ir, dependmg on the speacs and on the kind of 
tissue He states that m every tissue a considerable part of the iodine 
present was not in the form of iodide 
Accordmg to this view higher and lower iodide concentrations than 
those we have found for Baheyshs appear to exist in Laminarta 
tissues But owmg to the complex structure of the plant and the 
smallness of the cells it is difficult to deal with it as a physicochemical 
system, since we have no way of knowmg the iodide concentration in 
the sap of a single cell or of its environment 
In Bahcystis and Valoma this difficulty disappears There seems 
no reason to doubt that all of the lodme in the sap of Bahcystis is 
in the form of iodide ion This is indicated by the ease with which 
It was oxidized to free iodine by potassium lodatc and even by nitrite 
m the presence of a weak aad, viz , tartaric The case for Valoma 
IS not quite so clear In order to demonstrate the presence of iodine 
it was necessary to oxidize energetically with bromine water, so that 
organic compounds of iodine if present would also be included in this 
analysis The possibility that the lodme is in the form of an easily 
decomposable lodo compound cannot be excluded completely But 
this seems unlikely in view of the small amount of orgamc matter in 
the sap (1 4 parts per 1000) * 

If all the iodine in Bermuda sea water is taken as iodide the con 
centration is 2 4 X 10“'ir, or if the iodide is taken as S 7 pethter as 
•C/ 0»leihout W J V,J Gen Physiol 1922-23.6,225 
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we have found, iodide = 4 X IQ-sm But it is generally believed 
that the greater part of it is present as lodate Thus Winkler^ esti- 
mated that m the Adriatic Sea the iodide content was 11 7 per liter 
and the lodate content 40 7 And Cameron® found for the Straits of 
Georgia, Bntish Columbia, 267 iodide and 22 5 7 lodate 
Assuming that all the iodine in the sap is iodide, and taking our 
value for the iodide of the sea water, it appears that the iodide has 
been accumulated by Ealicystis nearly 10,000-fold Such a change 
even though the quantities involved are small may indicate a con- 
siderable energy change Even if we take all the lodme of the sea 
water as iodide the accumulation is stiU more than 1000 -fold 
In Valoma, the accumulation is either 250-fold or 40-fold on this 
basis Experiments on the penetration of iodide into Valonia'- suggest 
that the iodide may pass through the protoplasm as sodium iodide 
But in Valonia the concentration of sodium m the sea water is only 
about 5 times that of the sap and tins is not enough to raise the 
concentration product [Na] [I] in the sea water to that in the sap 
There is therefore no energy of diffusion available here for the accumu- 
lation of iodide On the contrary the movement should be outward 
rather than mward 

The same argument, with greater force, apphes to Ealicystis^ where 
the internal and external concentrations of sodium are about equal 
What IS here said of Nal apphes to KI and HI Butin Valoma the 
chemical potential of Mgl; is possibly greater m the sea water than 
m the sap Hence it might be suggested that Mgla enters faster 
than Nal and KI come out, but this seems highly improbable 
It might be assumed that the iodine goes into the cell as lodate and 
IS there reduced to iodide, which might be unable to pass through 

® Cameron, A T , Conlrib Canad Biol , 1922-24, 1, 73 
Assuming that the mean activity coefEcients for Nal inside and outside are 

about equal , 

Our analyses give a trace of magnesium in Valoma sap, but Steward and 
Martm (Steward, F C , and Martm, J C , Carnegie InsliliUion of Washington, 
Pub No 475, 1937, 87) found m Tortugas the average magnesium concentration 
to be 0 0036 m in which case, on the basis of 0 057 11 magnesium m the sea water, 
the gradient of chemical potential of Mgla is also directed outward 
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the protoplasm But m Valonia iodide appears to penetrate the 
protoplasm * 

It might be suggested that in Valonia the lodme is accumulated 
m an undissoaated orgamc combmation in the sap If this com- 
pound were to leave the cell much more slowly than iodide entered, 
accumulation might be observed 

It IS certain that the cell has the energy available to bnng about 
the effects observed, but the mode of apphcation of this energy is 
not clear 

While the occurrence of lodme in the green algae is rare it is of 
mterest that some of the algae related to Valonia and Halicystis, 
IS Cladopitora rupestns, Acrosiplionia pallida, Bryopsis pltimosa, 
and Bryopsis hypnotdes, are also stated to have iodine In the case 
of the latter, accordmg to Dangeard“ the quantity is about the 
same as m Laminaria 

t 

SUMIIARV 

Analysesof thesap of BahcyshsOsterhoutn and of Valontamacrophysa 
for iodide mdicate accumulations of the order of 1000 to 10,000 told 
m the first case, and 40 to 250-lold m the second case The chetmcal 
potential of Kl, Niil, HI, and Call is greater inside than outside 

Dangeard V A , Compt rttid Acad sc , 1929, 189, 862 
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SUCROSE INVERSION BY BAKERS’ YEAST AS A EUNCTION 
OF TEMPERATURE 

By IRWIN W SIZER* 

(From Ihe LafioftFory 0 / P/iysioIogy and Btochtmistryy idassachusells Insitlule of 
Technology, Cambridge) 

(Accepted for publication, February 5, 1938) 

The velocity of many physiological processes increases exponentially 
with temperature according to the Arrhemus equation 

i - 

where k is the rate of the reaction, i is a constant, e is 2 718, E is the 
gas constant, T is the absolute temperature, and m represents the 
energy of activation in calories per mol of the pacemaher reaction m 
the catenary senes of events controlling the rate (Crozier and Hoag- 
land, 1934) Since most biological reactions are catalyzed by en- 
zymes, the change in rate is determined by the enzyme, just as m 
chemical systems the temperature charactenstic is mdicative of the 
specific catalyst employed m the reaction For certam isolated 
enzyme systems the data on rate o^ reaction as a function of tempera- 
ture fit the Arrhemus equation For yeast mvertase, using different 
experimental conditions and measuring rate of mversion m a vanety of 
ways, /I was found to be mdependent of temperature and has the value 
of 11,000-11,500 (Sizer, 1937, 1938) Crozier reported (1924) a con 
stant fi = 16,700 obtamed by analyzing Quastel’s data on succmic 
dehydrogenase of £ coh Craig (1936) isolated a fat oxidation system 
from Lupmiis albus and obtained a, n — 11,700, when the system was 
saturated with oil, but the situation was more comphcated if oil were 
not added Certain other enzyme systems yield constant tempera- 
ture characteristics at least over narrow ranges of temperature 
(Barnes, 1937) 

* Contribution No 12S from the Department of Biology and Pubhc Health, 
Massachusetts Institute of Technology, Cambridge 
«93 
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The ultimate interpretation of temperature characteristics for 
physiological processes will depend on the isolation and study of the 
chemical reactions mvolved, especially the slowest m the series and 
those capable of becommg the pacemaker under different environ- 
mental conditions One approach to the problem is to compare, as a 
function of temperature, the kmetics of a chemical process carried out 
mside the hvmg cell with the same reaction catalyzed by an enzyme 
from that cell The same temperature charactenstic might be 
expected in the two cases, unless more than one enzyme capable of 
activating the substrate were present m the cell In the latter case 
the temperature analysis might be complex and influenced by unknown 
factors which determme which one of the several enz5mies will play the 
dommant role A companson between mtracellular behavior of an 
enzyme and its charactenstics after separation from the ceU and pun- 
fication would also be obtamed from such a study 

In this study the mechamsm of sucrose inversion %n woo was meas- 
ured and compared with enzyme hydrolysis The kmetics of mversion 
catalyzed by yeast mvertase as a function of temperature was com- 
pared with that for mversion usmg the yeast cells 

EXPERIMENTAL 

The hydrolysis of sucrose was followed by measuring chemically the amount of 
reducing sugars present m the digest at successive time mtervals This method 
has an advantage over the polanmetnc techmque of foUowmg the reaction, since 
in the former mutarotation of the products of hydrolysis is not a comphcating 
factor Sumner’s dmitrosahcyhc aad method (1925, 1935) of measunng color- 
imetrically the amount of reducmg sugars was used, since it had proved to be an 
excellent method of detenmnmg the activity of yeast mvertase (Sizer, 1938) 

Stock solutions of sugar and yeast were kept m the refrigerator The sugar 
solution contained 6 per cent sucrose made up in m/15 KH 2 PO 4 , and the jeast 
solution was prepared bj' making up a 2 5 per cent suspension of compressed yeast 
in m/15 KH 2 PO 4 In the first two senes of expenments Fleischmann’s bakers’ 
veast cake was used, while in the last series a pure stram of bakers’ yeast, Sacchti- 
romycts ctrcvtsioo (G M No 21062 supphed by the Fleischmann laboratory), was 
emplo>ed This strain is essentially the same as the yeast m yeast cake and was 
used by Stier and Stannard (1937) m their quantitative study of carbohydrate 
metabohsm Both stock solutions were adjusted to the temperature of the water 
bath (temperature controlled to ± 0 05°C) and then 2 cc 2 5 per cent yeast 
suspension were added to 10 cc 6 per cent sucrose The y'cast suspension was 
rendered homogeneous by thoroughly shakmg before using At successive time 
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intcrvak, 1 cc samples of the digest (stincd before removing sample) were added 
to 3 cc dmitrosalicylic aad reagent m 25 cc Folin Wu sugar tubes The tubes 
were kept m a boilmg water bath for 5 minutes, then placed under the tap for 3 
mmutes, and finally diluted to 25 cc. The amount of reducing sugars present was 
determined by comparing these solutions in a colorimeter with a standard solution 
treated in a fashion similar to that used on the samples of the digest A standard 
containmg 5 mg glucose/cc was used in all the work with bakers’ yeast but a 4 
mg standard was used for work with the pure stram of yeast Results were 
expressed in terms of milhgrams of reducmg sugar per cubic centimeter of digest 

Sucrose Hydrolysis by Bakers' yeast Cake 
Sugar inversion catalyzed by Fleischmann's yeast cake was studied 
as a function of digestion time and of temperature When the con 
centration of reducmg sugars is plotted as a function of the duration of 
digestion, the pomts fall along a smooth curve (Fig 1, upper curve) 
This curve is identical m appearance with that obtamed using yeast 
mvertase as the catalyst (Sizer, 1938) Rate of digestion can be 
calculated from the curve by detenninmg the reciprocal of the time 
required to produce a given amount of invert sugar Rate expressed 
as milhgrams of invert sugar per minute was calculated from the time 
required to produce 5 mg mvert sugar as mdicated by the curve drawn 
through the plotted pomts Rate can be calculated equally as well 
from other phases of the reaction, although, durmg the later stages of 
inversion, mterfermg factors such as enzyme destruction and inhibi 
tion by the accumulated glucose and fructose may comphcate the 
situation 

When log rate is plotted against i/T (Fig 2, upper curve), the data 
are best fitted by drawmg through the pomts two straight hnes which 
mtersect at a critical temperature of 17°C The large number of 
experimental pomts obtamed mdicate that the data can be fitted only 
by drawmg through them two straight hues The slope of the 
hue drawn through the pomts for from 0 to 17°C corresponds to a 
p = 10,700 This agrees closely with the value of 11,000 which Sizer 
(1938) reported over the same temperature range usmg a similar 
teclmique with yeast mvertase The data of Euler and Laurm (1920) 
mdicate a p = 10,700 between 0 and 20°C for yeast mvertase, although 
they agree with other workers that ix decreases with nse m tempera- 
ture This agreement between the n values for yeast and yeast 
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Fig 1 Inversion of 5 per cent sucrose catalyzed by 0 417 per cent bakers’ yeast 
at 2 rc 

Upper Curve — Milligrams invert sugar liberated during the hydrolysis plotted 
against elapsed time in minutes 

Lower Curve — Log sucrose concentration (log (58 — milligrams invert sugar)) 
plotted against the duration of digestion in minutes Monomolecular velocity con- 
stant = 0 00200 
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invertase is evidence that the enzyme behaves identically m vno and 
til vitro, at least vnth respect to temperature acUvation Above 
17°C the straight hne drawn through the plotted pomts has a slope 
cotrespondmg to a /r = 8,300 Above 40°C the points fall off from 
the curve mdicating temperature mactivation of the enzyme system 
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Fxg 2 Log rate of inversion of 5 per cent sucrose by 0 417 per cent bakers' 
yeast plotted against the reaprocal of absolute temperature Below 17 C 
M =» 10,700 above 17 C ^ 8,300 Inactivation occurs above 40 C 

O'pper Curve — Rate expressed as miUigrams invert sugar/mm 
Lower Curve — Rate expressed as monomolecular veloaty constants 

The new fx value of 8,300 suggests that in the Uvmg yeast there exists 
another enzyme (e g yeast maltase) capable of hydrolyzmg sucrose, 
and which plays the dommant r61e in inversion above 17°C Yeast 
invertase, on the other hand, is the important catalyst for sugar 
inversion below that temperature 
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Other methods are available for calculating rate of mversion For 
example, the monomolecular veloaty constants may be computed 
from a monomolecular plot of the data and used as a measure of rate 
When log sucrose concentration is plotted agamst elapsed time (Fig 1, 
lower curve), the first few pomts fit roughly along a straight hne, t e , 
the reaction follows the monomolecular equation After about 4 mg 
reducmg sugar have been hberated the pomts fall off from the straight 
hne This phenomenon is precisely that obtamed with yeast mver- 
tase (Sizer, 1938) Monomolecular velocity constants were calcu- 
lated from the slopes of the straight hues drawn through the plotted 
pomts for the vanous temperatures The graph of log k vs \/T 
(Fig 2, lower curve) is practically identical with that obtamed when 
log rate, expressed as milligrams mvert sugar/mmute,is related to \/T 
It IS obvious that results obtamed on the kmetics of mversion by hvmg 
yeast as a function of temperature are mdependent of the method of 
analyzmg the experimental data It should be emphasized, however, 
that both methods employed deal only with data for the first part of 
the hydrolysis It seems likely that information obtamed for later 
stages of hydrolysis could not be mterpreted m terms of the Arrhemus 
equation due to mterfering factors which comphcate matters A 
s imil ar situation was postulated for yeast mvertase 

Sucrose Inversion by Yeast Killed with Toluene 

Are the kmetics of mversion as a function of temperature related m 
any way to vital processes m the yeast, or determmed by the morphol- 
ogy of the hvmg cell? A study of mversion catalyzed by dead cells 
was made to answer this question Formaldehyde and o-cresol were 
unsatisfactory lethal agents for they not only destroyed the cells, but 
also almost completely inhibited the enzymic hydrolysis of sucrose 
Toluene proved satisfactory for it killed the cells, yet did not inhibit 
their inversion powers As would be expected, toluene also does not 
impede the action of yeast mvertase Although the solution saturated 
with toluene was lethal, the cells were not cytolyzed, but remained 
mtact, durmg the 2 weeks that the preparation was used The 
sucrases were present and active mside the mtact dead cells rather 

than m the surroundmg medium (see p 704) 

The mversion curve obtamed with the dead cells was very similar 
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to that procured with the living ones Rate was calculated from the 
time required to liberate 5 mg invert sugar, and an Arrhenius plot 
was made of the data (Fig 3, upper curve) Two straight hnes mter- 
sectmg at 17°C best fit the plotted pomts The lower and steeper 



Fig 3 Log 10 tunes therateofinvcrsionof Sper cent sucrose by 0 417pcr cent 
yeast plotted agamst \/T Below 13-17*C fi « 10,700 above this temperature 
^ c 8 300 Inactivation occurs above 40®C 

Upper Curve —Inversion catalyzed by bakers’ yeast killed with toluene The 
cntu^ temperature is 17 C 

Lower Curve — Inversion catalyzed by a pure strain of Sacc/ujromyces ccrensxae 
G M No 21002 The cntical temperature is 13 C 

line has a slope corresponding to a = 10,700, while for the upper one 
IX == 8,300 Heat inactivation sets m above 40®C A comparison of 
these results on dead yeast with those obtained on living yeast reveals 
an excellent agreement It seems evident that the inversion mecha- 
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nism of the cell is not dependent on vital processes, nor is it determined 
by that part of the cell structure which changes when death sets m 

Inversion by a Pure Strain of Yeast 

The common yeast cake may contam more than one stram of yeast 
as well as certain impurities such as starch which might comphcate 
the mversion picture In view of this, it was considered advisable to 
repeat the work on inversion as a function of temperature usmg a pure 
stram of Saccharoniyces cerevisiae A pure strain of Fleischmann’s 
bakers’ yeast, G M No 21062, proved satisfactory for this study 

The course of mversion as a function of the duration of digestion is 
very similar to that for bakers’ yeast cake Smce mversion did not 
proceed quite as rapidly, however, the rate was calculated from the 
tune required to produce 4 mg invert sugar instead of 5 mg As 
before, the time required to produce a given amount of the hexoses 
was mterpolated from the graph Duphcate determinations were 
made at each temperature and the plotted pomts m the Arrhenius 
graph (Fig 3, lower curve) represent the average of two mversion 
rates The analysis of the data for the pure stram yields ^’s of 10,700 
below 13°C , and 8,300 above that temperature Enzyme mactiva- 
tion occurs above 40°C These results are almost identical with those 
obtamed with bakers’ yeast cake, and with yeast kiUed with toluene 
It becomes apparent that the kmetics of mversion as a function of 
temperature are the same using yeast from different sources and under 
widely different experimental conditions It is mterestmg to pomt 
out that the critical temperature for the pure stram is 13°C as com- 
pared with 17°C for bakers’ yeast 

Factors Which Might Complicate Inversion 

1 Change in Number of Living Cells — ^An mcrease or decrease in 
the number of cells m the stock solution or even a change in their 
metabohsm might alter the kmetics of mversion, especially smce the 
culture was used over a period of several weeks Yeast cells suspended 
m m/15 KH 2 PO 4 are so called “restmg cells” and do not multiply 
hlicroscopic exammation reveals a very small but constant number of 
buddmg cells Neither do they die over the penod that they are 
used, smce there is no mcrease m the number of cells (roughly 5 per 
cent) which take up the dye when the differential methylene blue 
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staining technique (Nelson, Palmer, and Wilkes, 1932) was used 
This was true for both the ordmary yeast and the pure strain, and 
agrees with the results of Stier and Stannard (1937) Another indi- 
cation that no significant change has occurred m the culture is the fact 
that the rate of inversion at a given temperature does not vary with the 
age of the yeast suspension Dunng the course of inversion the sugar 
solution docs not appear to be toxic, since there is no increase in the 
number of dead cells over a period of several hours In the caseof the 
yeast treated with toluene about 98 per cent of the cells stained blue 
mdicating that they were dead 

Z Change in pB of the Digest — ^As a result of the normal respira- 
tion of the yeast, aads such as carbonic are formed which might 
mhibit hydrolysis by bnnging the sucrases further from the pH for 
optimum activity (4 7 is the optimum pH for yeast invertase ) 
The mcrease in acidity of the digest was followed contmuously with 
the glass electrode using a Beckman pH meter In one experiment 
the pH decreased from 4 22 to 4 04 in 45 minutes at 24°C In a 
second the change was from 4 23 to 3 90 m 83 mmutes A sunilar 
mcrease m acidity was recorded with the qmnhydrone electrode in a 
third test An average of the three experiments mdicated a decrease 
m pH of about 0 02 umt in the 5 mmutes reqmred to hberate 5 mg 
mvert sugar This slight mcrease m acidity would not be expected to 
alter the rate of mversion appreaably 
3 Fermentation — As soon as the sucrose is hydrolyzed a part of 
the mvert sugar may be utilized m the systems of respiration and 
fermentation This would senously compheate the measurement of 
inversion, smee it depends upon the determmation of the reduemg 
sugars produced Fermentation was studied usmg the sensitive 
micro method for alcohol determmation recommended to the author 
by Dr Alhson and used successfully on yeast by Stier and Stannard 
(1937) An average of three different experiments mdicated that 0 05 
mg alcohol was produced at 3S°C m the 5 minutes required to hberate 
4 mg mvert sugar On the assumption that fermentation may be 
represented by the equation 

CBnO. -• 2CO, + ZCjHiOH 

(Harrow and Sherwm, 1935) this 0 05 mg represents 0 10 mg hexose 
which has been fermented Smee, durmg the hberation of 4 mg 
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reducing sugars, only 0 10 mg is fermented, it seems evident that 
during the early part of mversion fermentation does not play a serious 
complicating role 

Another indication that fermentation and respiration are not seri- 
ously confusing the inversion picture is the fact that, in the toluene- 
killed cells, the kinetics of inversion as a function of temperature are 
identical with those for living cells Yet in the dead cells the processes 
of fermentation and respiration have been interrupted 

Is Inversion Extra- Or Intracellular? 

Workers in general agree that yeast invertase is active mside the cell 
or attached to its surface and is not present m the solution (Nelson, 
1933) Since in this work there appear to be two enzymes involved, 
it seemed advisable to determine whether they were both intracellular 
An old suspension of bakers’ yeast was filtered through a Seitz filter, 
and the hydrolytic activity of the cell-free filtrate was tested The 
activity was very slight and amounted to only 2 6 per cent of that of 
the unfiltered material A similar experiment was performed with 
the toluene-treated yeast where the filtrate had 5 7 per cent of the 
activity of the original suspension In both cases the enzyme activity 
IS associated with intact cells and cannot be readily separated from 
them 

DISCUSSION 

Warburg and certain others beheve that information concerning 
cellular processes which can be obtained from studying enzyme sys- 
tems IS defimtely limited They suggest that the intracellular 
behavior of an enzyme may be quite different from its properties after 
separation from the cell and subsequent purification There is no 
evidence for the validity of this statement with respect to yeast m- 
vertase The kinetics of mversion m vitro and in vivo are the same 
(Sizer, 1938), Nelson and associates (1932) found that inversion 
followed the same equation in the two cases The identity in vivo and 
in intro of the relationships between rate of inversion and (H+) or 
sucrose concentration led Nelson and associates (1933) and Wilkes 
and Palmer (1933) to the behef that in the hving cell invertase was 
present m or near the cell membrane Increase m inversion rate as 
a function of temperature below 13— 17°C is also identical in the yeast 
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cell and yeast invettase solution This lends support to the hypothesis 
that the change in rate of physiological processes with temperature is 
determined by the energy of activation of the enzvme-substrate com 
plex of the pacemaier hnh m the senes of reactions controlhng the rate 
Above 13-17°C , however, there is a sharp contrast between the 
behavior of the yeast cell and yeast mvertase with respect to mversion 
as a function of temperature For yeast mvertase the temperature 
charactenstic is 11,000, while for bakers’ yeast above 13-17°C it is 
8,300 This difference m p values suggests that in yeast there is 
present a second sucrase different from the famihar yeast mvertase 
with respect to the fact that it has a lower energy of activation 

stnniAM 

Inversion of suaose by bakers’ yeast follows the same course as 
mversion catalyzed by yeast mvertase Rate of mversion increases 
exponentially with temperature, the temperature charactenstic m the 
Arrhemus equation is 10,700 below 13-17°C , and 8,300 above that 
temperature Temperature macUvation occurs above 40°C The 
effects of temperature upon rate of mversion were the same usmg 
Fleischmann’s yeast cake, the same yeast killed with toluene, and a 
pure strain (G M No 21062) of bakers’ yeast The last differed 
from the other two only m the fact that its cnbcal temperature was 
13°C as compared with 17°C for the others 
The catalytic mversion is associated with enzyme activity inside the 
cell, not m the medium, and is mdependent of any vital processes 
inside the cell such as respiration and fermentation Since mvertase 
activity IS the same mside the cell as it is after extraction, it appears 
possible to relate the temperature characteristics for physiological 
processes to the catalytic chemical systems which detenmne their rate 
At least two enzymes are capable of mvertmg sucrose m the yeast 
cell The familiar yeast mvertase (ju. = 10,700) is active below 
13-17°C while a second enzyme (ji = 8,300) plays the dommant r61e 
above that temperature 
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CHANGES OF APPAItENT IONIC MOBILITIES IN 
PROTOPLASM 

III Soke EFrEcrs op Guaiacol on Halicvstis 

BvW J V OSTERHODT 

(From the Lahoratones of The Rockefeller TnstUutefor Mcdicol ReseoreJi) 
(Accepted for pubhcatiOD, January 6, 1938) 

Valonta shows remarkable changes m the apparent mobility of 
ions as the result of exposure to guaiacol ' These changes differ m 
several respects from those observed m Ealtcyslts 

Guaiacol makes the p D of Valonta more positive and that of 
Baltcyshs more negative In. Valonta the apparent mobihty of K+ 
IS lessened but this docs not happen in Baltcyshs In some respects 
both plants agree, e g in both the apparent mobihty of Na+ is m- 
creased by guaiacol 

The effects of guaiacol (called HG for convenience) in sea water 
at pH 8 2 might theoretically be due to the undissociated molecule 
or to the ion (which will be called G~) In order to ehimnate the 
effects of G~ the pH of the sea water was lowered to 6 4 Since this 
change of pH affects the p D it will be descnbed before taking up the 
effects of HG 

Fig V shows’ the effect of lowering the pH of sea water from 8 2 
to 6 4 After a short latent penod* the positive* p n fell* from 68 to 

* Osterhout W J V , / Gen Physiol , 1936-37, 20, 13 

’The expenments weie performed on Bahcyslts Oslerhoultt (Bhnks, C R., 
and Bhnks A. H , Bull Torrey Bat Club, 1930-31, 67, 389), usmg the technique 
descnbed m a former paper (see footnote 1) Regardmg the amplifier see K,n 
S E and Osterhout, W J V , / Gen Physiol , 1937-38, 21, 541 Temperature 
21 to 25°C (The results obtamed with this speaes are not entirely the same 
with the Pacific Coast H oualis (Lyngb ) Aiesch (Bhnks, L R , pnvate com 
mumcation) ) 

• The latent penod with change of pH and with HG (see footnote 1) vanes a 
good deal and presumably depends to some extent on the state of the cellulose 
wall It may m some cases be lengthened by bacterial jelly covenng the cells 
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55 mv The average of 22 observations gave a change of 16 5 ± 0 68 
mv 

On returning the cell to sea water at pH 8 2 the p d became normal 
and there was no sign of injury on this or on the following days 
When the cell was not returned to sea water at pH 8 2 the p n 
remained practically constant at the lowered value for at least 15 
minutes (longer exposures were not made) 

Such exposure (up to 15 minutes) did not afiect the apparent mo- 
bihties of K+ or Na+ This was shown by experiments in which the 
ceU after exposure was placed in sea water in which K+ was increased 
or in which the sea water was diluted® with an equal volume of an 
isotomc solution of marmite’^ (as descnbed later m experiments with 
KG) 

It may be added that raising the pH of the sea water from 8 2 to 
9 6 had httle or no effect on the p d 
Blinks® states that lowering the pH from 8 2 to 6 0 has no imme- 
diate effect on the p d The writer has found m a few instances that 
a change from 8 2 to 6 4 had httle or no effect The cells which show 
no change m p d do not seem to be mjured The high positive p d 
which IS normal for Hahcystts in sea water at pH 8 2 is present m 
these cells and they respond normally to increases in the concentra- 
tion of KCl or to dilution of the sea water Their behavior depends 

(this may give them a shppery feehng which was not present in the cells here 
descnbed) A latent period was observed with KCI and with 0 005 u NH<C1 
at pH 8 2 (but not with 0 3 ii NH 4 CI at pH 5 8 , 6 4, and 7 2, the p d being 
rendered negative m each case), and with sea water diluted with an isotonic solu- 
tion of non-electrolyte In the presence of 0 01 m HG there was no latent period 
with potassium sea water (see Figs 7 and 8 ) 

* The p D IS called positive when positive current tends to flow from the sap 
across the protoplasm to the external solution 

® The average value is 67 mv (cf Blinks, L R , ^ Gen Phystol , 1933~34, 
16, 147) 

® Cf p 714 

^ Regarding this see Osterhout, W J V , Proc Nat Acad Sc , 1938, 24, 75 
® Bhnks, L R , / Gen Physiol , 1929-30, 13, 229 Bhnks states that lowering 
the pH to 5 makes the p D reversibly less positive (Bhnks, L R,/ Gen Physiol, 

1933- 34, 17, 118, Fig 7) In the cells dealt with m the present paper this treat- 
ment carried the p d reversibly to zero See also Bhnks, L R , / Gen Phystol , 

1934- 35, 18, 409 
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on a factor which is at present unknown Possibly the cell can exist 
in two or more physiological states (Blinks^ has described for Val- 
oma two states known as “regular” and “delayed” in respect to polar- 
ization ) 

How the lowering of external pH operates in decreasing the pd 
is not clear We may recall m this connection the observation of 
Blinks^® that when sufficient ammonia is present and the pH of 
the sea water is raised above a certain point the p d suddenly changes 
from positive to negative “ Lowering the external pH then produces 
positivity, ^ e , just the opposite of what happens in the experiments 
described m this paper Since the concentration of hydrogen ions 
IS ver}^ small m comparison with the other ions present Blinks has 
suggested that we are here dealing with isoelectric points or similar 
phenomena 

It IS, of course, possible that isoelectric points may be involved m 
the changes seen m Fig 1 A variety of ampholytes may be present 
with different isoelectric points 

Another possibility is that the locus of the changes may not be 
the same in all cases The changes shown in Fig 1 may have their 
seat in the outer part of the protoplasm But we must consider the 
possibility that the pH of the sap may be changed, for the lowering 
of the external pH would dnve CO 2 into the cell 

Let us now consider the effects of guaiacol at pH 6 4 where the con- 
centration of guaiacol 10 ns is negligible *- In Fig 2 we see the record 
of a cell which had at the start a positive p n of 59 mv When the 
pH was lowered to 6 4 the p d became 13 mv less positive When 
the cell was transferred to sea water at pH 6 4 containing 0 01 M HG 
the p D became still less positive to the extent of 23 mv (the average 
value was 20 2 i 1 mv in 21 observations) After standing for 1 

» Blinks, L R , / Gen Physiol , 1935-36, 19, 633 
Blinks, L R , / Cen Physiol , 1933-34, 17, 109, 1934-35, 18, 409 

“ This does not take place in Valonia 

^'According to Shedlovsky and Uhhg (Shedlovsky, T , and Uhlig, H H , / 
Gen Physiol , 1933-34, 17, 567) the pK of HG at 25°C is 10 1 Subtracting 
0 375 on account of the ionic strength of sea water gives pR = 9 725 Accordinglv 
at pH 6 4 the degree of dissociation is 0 07 per cent, at pH 8 2 it is 3 per cent, 
and at pH 9 6 it is 42 9 per cent 
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minute the value began to increase and m 5 minutes the p d was 

40 7 ± 1 3 mv (6 observations) less positive than before the applica- 
tion of HG 

On standing, even for 15 minutes, there is little or no further change 
and no recovery of the original p p such as occurs m Valoma ‘ 
There is quite commonly a slight dip in the curve, soon after the 
start, as seen in Fig 3 (which shows the effect of adding 0 01 m HG 
to sea water at pH 8 2) This form of curve is also found at pH 6 4 
and intermediate forms between this and the one shown in Fig 2 are 



Fig 3 Photographic record showing changes of p d produced by guaiacol at 
pH 8 2 At the start the cell in sea water at pH 8 2 had a positive p d of 62 5 mv 
The cell was placed in sea water at pH 8 2 containing 0 01 m guaiacol and the 
curve rose 30 mv (the p d became less positive) When the cell was replaced 
in sea water at pH 8 2 the p d became normal (not shown in the figure) 
Regarding F see Fig 1 

Time marks 5 seconds apart Temperature 21°C 


found at both pH values The average change due to 0 01 M HG 
at pH 8 2 at the end of 1 minute was 33 ± 1 3 mv (17 observations) 
Increasing the concentration of guaiacol (at pH 8 2 or 6 4) in- 
creases the effect but the value of the p d appears to approach zero 
as a limit, i e the p d which in sea water is about 67 mv positive 
becomes less as the concentration of guaiacol increases but it seldom 
passes the zero mark so as to become negative (never more than a few 
millivolts in any case) 

Blinks, L R , / Gen Physiol , 1932-33, 16, 147 
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In the experiments descnbed in this paper the ellccts Merc fully 
reversible For example, if the i* n had been Iom ercd to zero by 
adding guaiacol it Mould promptly return to the normal value uhen 
replaced in sea water (even after an exposure of 13 minutes to HG) 
There Mas no sign of injury in these experiments except with 0 03 
SI HG or higher concentrations 


Ne-g 



Fio 4 Photographic record showing changes of p © produced b> lowering the 
pH and diluting the sea water 

\t the start the cell m sea water at pH 8 2 had a positive r d of 67 5 mv 
U hen the pH w as lowered to 6 4 the curve rose 16 mv (the p d became less posi 
live) 

The cell was then placed m dilute sea water (sea water plus an equal volume 
of a solution containing 1 I M mannilc + 0 02 si CaCl + 0 012 si KCl) and the 
curve rose 14 mv When the cell was replaced in sea water at pH 8 2 the 
p D became normal (not show n m the figure) 

Regarding F see tig 1 

Time marks 5 seconds apart Temperature 21 C 


Let us now consider the effect of the guaiacol ion In Valoina it 
was found that at first it made httle difference whether HG was in 
molecular form or was largely dissoaated But after standing for 
about 0 minutes in sea water + 0 01 m HG the cell became sensitized 
to G~ This did not happen with Halicyslis Neither at the start 
nor after exposures up to lo minutes to sea water (at pH 8 2) contain- 
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ing 0 01 m H6' did a rise ot pH from. 8 2 to 9 6 (increasing the con- 
centration oi G~ about 14 times)‘^ have much eftect'“ on the pd 
T here is another aspect of the action of guaiacol which is of con- 
siderable interest and which seems to be similar in Valoma and in 
Hahcysiis After sufficient exposure to HG an application of dilute 
sea water to Valoma made the p d more positive (instead ot more 
negative, as happens when the cells have not been exposed to HG) 

Ne-g 
25 mv- 
Ze-rp 


Pos. 


Fig S Photographic record showing changes of p d produced by diluting the 
sea water (all solutions at pH 6 4) At the start of the record the cell had been 
in sea water containing 0 01 m guaiacol for 15 minutes and had a positive p d 
of 20 mv (before the addition of guaiacol the p d was 65 mv ) 

The cell was placed in dilute sea water (sea water containing 0 01 M guaiacol 
plub an equal volume of a solution containing 1 1 m mannite + 0 02 CaCb 
+ 0 012 ii KCl -h 0 01 ii guaiacol) and the curve tell 8 mv , 1 1 , the p D became 
more positive (In dilute sea water without HC the curve rises and the pd 
becomes more negative compare Fig 4 ) 

Regarding F see Fig 1 

Time scale 40 seconds to the inch Temperature 23°C 

This also occurs m Hahcysiis Fig 4 shows the normal eftect of 
dilute sea water ' *'■ Fig 5 shows the eftect alter an exposure of 15 

It has alread\ been stated that in the absence of HG such a rise has little 
or no effect In the presence ot 0 01 ii HC a rise from pH 6 4 to 8 2 or to 9 6 
makes the p n more positive to about the same extent as in the absence ot H& 
hence we mav suppose that it is not due to 

If am change occurred it was at most 3 mv , sometimes in a positive and 

sometimes in a negativ e direction 

This value was about the same as for \ uioma (cf Damon, E B , and Oster- 
hout, \V J ^ , T Gtii F/nsiol , 1929-30, 13, 445) 
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Tig 6 Photographic record showing changes of p o produced b\ potassium 
(all solutions at pH 8 2) The cell m sea water at the start had a positi\e p d 
of 60 mv It was placed in sea water containing 0 52 ii KCl -p 0 012 it NaCl 
(the other constituents of the sea water had the normal concentration) this is 
labelled KSW in the record With no latent period the cur\c rose to 1 mv 
negative and then began to drop as the p d became more positive When the cell 
was replaced m sea water the p d became normal 
A similar result was obtained at pH 6 4 
Regarding the record at C (invisible m the figure) sec Fig 1 
Time marks 5 seconds apart Temperature 25®C 
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Fig 7 Photographic record showing changes of p d produced b> potassium 
after exposure of the cell for 10 minutes to 0 01 u guaiacol (all solutions at pH 
6 4) (Before exposure to guaiacol the p d m sea water at pH 8 2 was 65 mv 
positive) At the start of the record the cell m sea water containing 0 01 u 
guaiacol had a positive p d of 23 mv The cell was placed m sea water containing 
001 ii HG -f 0 52 u RCl + 0 012 « NaCl (the other constituents of the sea water 
had the normal concentrations) this is labelled R S W + 0 01 M HC on the 
record The curve rose (with no latent period) and the pd became 23 mv 
negative 

Dilution of this solution (not shown in the record) with an isotonic solution 
of mannite (as m big S) made the p d 10 mv positive 

Regarding the record at F (invisible m the figure) see Fig 1 
Time marks seconds apart Temperature 23 C 
71a 
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minutes^^ to sea water containing 0 01 m HG at pH 6 4 (the greatest 
change found in 12 trials was 9 mv 
As in the case of Valoma we may‘ interpret this to mean that HG 
greatly increases the apparent mobility of Na"^ (as compared with 
that of Cl~) in the outer non-aqueous protoplasmic surface In 
normal cells (Fig 4) the apparent mobility of Na+ is much less than 
that of Cl" but in Fig 5 it is much greater than that of Cl" 



Fig 8 Photographic record showing changes of p d produced by potassium 
after exposure of the cell to guaiacol (all solutions at pH 8 2) The cell in sea 
water containing 0 01 m HG had at the start of the record a positive p d of 29 mv 
(originally in sea water it had a positive p d of 66 mv ) The cell vas placed 
in sea water containing 0 01 m HG + 0 52 m KCl + 0 012 m NaCl (the remaining 
constituents of sea water had their normal concentrations) this is labelled 
K S W +0 01 M HG on the record The curve, with no latent period, rose to 13 
mv negative 

When the cell was replaced in sea w’ater + 0 01 m HG the p n returned to 
the starting point (not shown in the figure) 

Regarding F see Fig 1 

Time marks 5 seconds apart Temperature 21°C 

In some cases we find after exposures to HG up to 15 minutes that 
no change occurs when dilute sea water is applied In such cases 
we may assume (as in the case of Valoma) that the mobility of Na+ 
has become equal to that of Cl" 

This effect ma\ occur after an exposure of onh 30 seconds to HC 

^^This was after an exposure of 11 5 minutes to 0 01 m HG in sea uater at 
pH 6 4 
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Another interesUng aspect of the action of HG is seen in its effect 
on the apparent mobility of K+ In Valonta this mobihty is de- 
creased by HG until KCl instead of making the p d less positive ac- 
tually makes it mote positive • 

Bahcystis shows no such change in its behavior toward KCl An 
apphcation of sea water in which Na+ has been replaced" by K+ 
makes the p n much less positive whether the cell has been exposed 
to HG or not But the form of the curve*' showing the action of KCl 
13 altered by the exposure to HG, as shown m Figs 6, 7, and 8 We 
see that the P D can become negative under the combmed action 
of KCl and HG 


DISCUSSION 

Changes of pH have already been considered The effect of HG 
remains to be discussed 

In Valonta, HG makes the p D mote positive and this occurs before 
any change m the apparent mobihty of K+ or Na+ can be detected 
It would therefore seem that the effect of HG concerns theu: 
partition coeffiaents or the orgamc ions in the cell It might con 
ceivably change the nature or the concentration of these orgamc 
ions or alter their mobihties or partition coefBaents m the non 
aqueous protoplasmic surfaces 

In Haltcystts the effect of HG on the apparent mobility of Na+ 
may occur very early, e g after an exposure of 30 seconds or less to 
HG, which may account, to some extent at least, for the change of 
pj) m a negative direction The apparent mobihty of Na+ is nor- 
mally less than that of Cl~ and this tends to make" the p d more 
positive Hence in so far as HG mcreases the apparent mobihty 
of Na+ it will make the p D less positive 
It would seem, however, that orgamc ions in the protoplasm may 
play a part m detenmnmg the p d Blinks finds that when the solu- 
tions at the mner and outer protoplasimc surfaces are identical much 
of the p D persists ” This seems to be due to unlike apparent mo 

' ' This contains 0 S2 u K.C1 and 0012uNaCl The other constituents of the 
sea water remained unchanged 

' Osterhout, W J V , J Gen Physiol 1937-38, 21, 631 
” / e if It IS diffusing inward, as it is in the case of a growing cell 
"* BUnU, L R , d Gen Physiol , 1934-35, 18, 409 
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bilities of the same ions in the inner and outer surfaces To what 
extent these are morgamc is not clear but orgamc ions in the proto- 
plasm and sap may well play a part Hence it would seem that such 
organic ions may be involved when HG lessens the p d 
I n V aloma the p d does not retain the positivity produced by guai- 
acol but gradually returns to its normal value This is known as 
“recovery ” It has been interpreted* to mean that guaiacol pene- 
trates to the inner protoplasmic surface Y and there sets up changes 
which are of opposite sign to those set up in the outer protoplasmic 
surface, X Failure to set up these changes m Y would prevent re- 
covery and this explanation may apply to BahcysUs 
If the protoplasmic surface were a pore system in the sense of 
Michaehs we should be obhged to say that its charge had been 
changed from negative to positive in Eahcyshs by the action of guaia- 
col if we are considering NaCl but not if we are considenng KCl 
If we regard the surface as a non-aqueous layer without pores we 
may suppose that guaiacol alters mobihties or partition coefficients 
in this layer It is quite possible that chemical compounds-^ are 
formed or complexes in the sense of Kraus and of Fuoss 
We have no explanation at present for the fact that guaiacol 
changes the sign of the response to KCl in Y aloma but not in Eah- 
cyslis 

Another difference between the two organisms is seen when the 
pH IS lowered from 8 2 to 6 4 This has httle or no effect on Y aloma 
but usually makes the p d of Eahcyshs less positive 
In this respect the cells of Eahcyshs are variable and such vari- 
abihty is highly charactenstic In fact it may be said that both 
plants are vanable in many respects Certam cells fad to show an 
expected change m p n m response to external changes such as al- 
terations of pH, dilution, apphcation of KCl, or of guaiacol, although 
evidently not dead, as shown by the p n in sea water and by the 
response to certam other external stunuh It would seem that differ- 
ent physiological states are possible, perhaps analogous to those de- 
scnbed by Blinks for Y aloma ® 

Guaiacol forms compounds with both acids and bases 
2* C/ Kraus, C A, Tr Eleclrochem Soc , 1934, 66, 179 Fuoss, R M , Chm 
Rm , 1935, 17, 27 
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It may be added that although it has been assumed for purposes 
of discussion that the p n ’s observed ate chiefly due to diffusion po- 
tential this IS done merely because it has been found m previous 
work. ‘ that the equations for diffusion potential enable us to predict 
results with sufficient accuracy Other explanations may be possible, 
such as those discussed in a recent paper ” 

The facts brought out m this paper add to the hst of striking differ 
ences between Valonta and Baltcyslts These differences are of mter- 
est as showing the possibihties of protoplasmic systems which were 
once regarded as very sinular 

The fact that orgamc substances can change the apparent mobilities 
(as shown by the concentration effect) of morgamc ions (e g , K+ and 
Na+ in Valonta and Na+ in Baltcyslts) is of considerable interest 
It IS shown not only by the action of guaiacol' but also by the 
fact that removal of orgamc substances from Ntlella greatly lowers 
the apparent mobdity” of so that the cell ceases to act in the 
fashion of a potassium electrode The cell regains this power when 
treated with guamdme and certam other orgamc substances ” 

SUMUARV 

Lowering the pH of sea water from 8 2 to 6 4 lowers the positive 
p D of Baltcyslts reversibly (this does not happen with Valonta) 
Exposure to sea water at pH 6 4 does not affect the apparent mo 
bihty of Na+ or of K+ (this agrees with Valonta) 

Guaiacol makes the p n of Baltcyslts less positive (m Valonta it 
has the opposite effect) 

Exposure to guaiacol does not reverse the effect of KCl m Balt 
cystis which in this respect differs from Valonta 
The p D can be changed from 66 mv positive to 23 mv negative 
by the combined action of K.C1 and guaiacol 
Exposure to guaiacol affects Baltcyslts and Valonta similarly m 
respect to their behavior with dilute sea water Normally the dilute 

“Osterhout W J V,7 Gen 1929-30, 13, 715 

Osterhout, tV J V Proc Nat Acadi Sc , 1938, 24, 75 
^Osteihout, \V J V, 7 Gen Physiol , 1934-35, 18, 987 
Osterhout, W J V and HSU, S E Proc Soc Exp Biol and Med , 1934- 
35 32 715 
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sea water makes the p d more negative but after sufficient exposure 
to guaiacol dilute sea water either produces no change m p d or makes 
it more positive In the latter case we may assume that the apparent 
mobihty of Na+ has become greater than that of Cl~ as the result of 
the action of guaiacol (Normally the apparent mobihty of Cl~ is 
greater than that of Na+ ) 

In Eahcyshs, as in Valonta and in Eiiella^ an orgamc substance 
can greatly change the apparent mobihties of certain inorgamc ions 
(K+ or Na+) 
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III Cell Size and “Phvsiolocic Yoirru" in Bactesidu coli 
C oLTUBES 
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(From the Departmtnt o] Bacimology aitd Immunolosy, Washiiigloii UimersUy 
School of ilcdtane, SI Louis) 

(Accepted for publication, Apnl 7, 1938) 

It has been repeatedly shown that the metabolic activity in a bac 
tenal culture computed on a rate per cell basis mcreases during the 
period of lag to a peak somewhat before the maximum rate of multi 
phcation is attamed, and afterward falls off to a very small value 
This findmg usually has been regarded as evidence that bactena 
undergo rejuvenescence prior to active multiphcation Although the 
underlying observations have been amply confirmed, this interpre 
tation has seemed to us open to question 
The concept of physiologic youth, ongmally apphed to bactena by 
Sherman and Albus (1) to signalize their observation that dunng the 
penod of rapid multiphcation bactena exhibit mcreased susceptibihty 
to mjunous mfluences, has since become estabhshed as the most 
satisfactory interpretation of the fact that bactena transferred to 
sterile broth multiply for a time at a rate which is dependent on the 
condition of the culture from which they are taken The observe 
tions of Clark and Ruehl (2), and of Hennci (3), concemmg the sys 
tematic changes m morphology and size of mdividual cells durmg the 
cycle of growth, gave particular credence to this view Apart from 
the fact that it is based on doubtful analogy with mammalian phys- 
iology, the hypothesis of cellular differentiation has remamed of 
hmited usefulness espeaally because the experiments designed to 
demonstrate differences in the metabohsm of “embryonal,” mature, 
and senescent forms of bactena, have not been entirely convmcmg 
This has been due to failure to control adequately some variables 
known to mfluence the physiology of bacteria m artificial culture 
72t 
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In some cases the size of mdividual cells or groups of cells has been 
left out of account (4), and nearly always the influence of the chang- 
mg environment itself has been disregarded (4-6) Nevertheless, 
the observed differences in physiological activity of the cells often 
have been attributed to differences withm the cell itself 
Only a few investigators have realized the necessity of ehnunating 
the effects due to changmg external environment Thus in the 
original observations of Sherman and Albus (1) on resistance, for ex- 
ample, environmental factors were controlled to the extent that uni- 
form populations were employed More recently Longsworth and 
Macinnes (7) were able to maintain a constant pH and the gaseous 
environment in actively growing cultures of Lactobacillus acidophilus 
and found that under these conditions during the latter part of the 
growth cycle, while generation time showed a tendency to increase, 
the fermentation rate per cell was markedly decreasing Also Moyer 
(8), who studied cataphoretic mobihty of bacteria suspended in buffer 
solutions, found differences which were related in a consistent manner 
to the phase of growth of the parent culture He beheved that these 
differences could not be attributed to variations in the size of the cells 
More recently Wooldridge, Knox, and Glass (9) have studied the 
metabohc activities of non-proliferatmg bacteria under uniform con- 
ditions m relation to the age of the parent culture These authors 
found that, among cell suspensions of equal turbidity prepared from 
cultures of different age, those derived from 24 hour cultures showed 
maximal activity irrespective of the nature of the substrate Al- 
though the phase of growth of these cultures was not indicated, it is 
difficult to relate this findmg to the frequent observation that height- 
ened activity occurs at the end of the period of lag When the relation 
between metabohc activity and viable count was studied by the same 
authors (10), greater discrepancies were found, but again correlation 
with phase of growth was not made In the authors’ opinion, these 
differences could not be attributed to variations in the size of cells 
Clifton (11) has expressed the contrary opinion, for which his ex- 
periments have provided only mdirect evidence, namely that the 
metabohc activities of the cells m a bactenal culture are influenced 
primarily by their size, and by the changmg conditions of their 
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growth Our own prehnunary experiments seem to have justified a 
similar conclusion (12) 

The expenraents to be described m this paper were designed to 
measure the physiologic changes which bacteria undergo during the 
vanous phases of multiplication* with particular attention to con- 
trols suggested by the considerations outhncd above The mano 
metric method which was chosen for this purpose was found to yield 
reliable information as to the rate of oxygen uptake of cells of Bac 
Icrium coh removed from cultures after vanous mtervals of growth 
and placed m a umfonn medium favorable to continued growth* 
and to permit the correlation of these data with both the number of 
viable cells and the total mass of bacterial substance 

The bacteria were cultivated m filtered beef extract broth at 37®C in Erlen 
me>er flasks filled to a depth of 2 cm , removed from this medium by rapid centn 
fugation, and suspended without washing m 0 85 per cent sahne- It was found 
tliat when 100 mb of the medium were seeded with 001 m) of an 18-24 hour 
culture grown m the same medium, reproducible growth curves were obtamed, 
thus mdicatiQg that the phase of growth of cultures of a given age could be pie 
dieted The age of the culture was reckoned as the interval between seeding and 
suspending the centrifuged cells in salme (8) 'Uniform bacterial content was 
obtamed by suitable dilution of the saline suspension on the basis of nephelometric 
estimation of bactenal substance. Viable counts were made by the dilution and 
pour plate method either from the salme suspension or m many experiments, 
from one of the ves els of the respiromcter The population of the ongmal cul 
ture was obtained from the viable count of the saline suspension by computing to 
ongmal volume Oxygen consumption was measured m the Barcroft Warburg 
apparatus at 37®C , with 3 aliquots estimated from the turbidity of the ongmal 
suspension to contam respectively the nephelometnc equivalent of 10® 3 X 10®, 
and 10® organisms from a 24 hour culture. The cell suspension was placed m the 
vessel with suffiaent 0 85 per cent salme to bring the total volume to 4 ml , the 
sidearm contauung I ml of beef extract medium of such composition that* after 
mixmg concentrations of peptone 1 0 per cent, beef extract 0 5 per cent, and 
phosphate buffer of pH 6 6 ii/50 were obtamed The nutnent mixture was 
added to the bactenal suspension after temperature equilibnum was established 
(usually requinug 10 mmutes) the zero tune noted* and the viable count made 
The readings of the manometers were contmued at 5 mmute mtervals for approxi 
mately 1 hour Values for total bactenal substance m the salme suspension were 
obtamed both by means of a photoclcctnc nephelometer (13) and by determi 
nation of bactenal mtrogen by the micro-Kjeldahl method, after a second centn 
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fugation to remove soluble nitrogen In blank determinations, made by adding 
small numbers of bacteria of known nitrogen content to fresh broth and recentri- 
fugmg, no increase m nitrogen was observed 


The average rates of oxygen uptake during the successive 5 minute 
mtervals were spotted at the rmd points of correspondmg intervals 
on the graph, and the points connected by a curve smoothed, if neces- 
sary, by mspection Usually the rate for the second, and often for 
the first 5 minute interval fell on this Ime The error introduced by 
assigmng the average rates to the mid points of the 5 minute mtervals 
was too small to be significant By extrapolation of this curve to the 
ordmate, the rate of oxygen consumption at zero time, corresponding 
to the moment at which the substrate was added, was obtamed This 
value has been used m all calculations 
The rates of oxygen uptake at zero time per millihter of the origmal 
suspension for the three measurements showed satisfactory agreement 
Their average divided by the numbers obtamed from the viable 
count, and by the nitrogen content, respectively, gave the rate of oxy- 
gen uptake ‘‘per viable cell,” and “per gram of bacterial mtrogen ” 
Turbidity was measured by dilution of the suspension to give the 
zero reading at the resistance box when matched against a 0 5 per 
cent solution of copper sulfate as standard The ratio between the 
average number of viable cells m suspensions from 18-24 hour cul- 
tures, after dilution to standard turbidity, and the numbers in the 
test suspension similarly diluted, expressed the “nephelometric index 
of size ” By dividmg the rate of oxygen uptake per cell by this index, 
the rate “per nephelometric cell” was obtamed 
For example, a 3 hour culture is centrifuged and the cells are sus- 
pended m 1/20 volume of saline The following data are obtamed 


Dilution in saline required to match 0 5 per cent 
CuSOi m the nephelometer = 

Numbers of 18-24 hr cells givmg similar tur- 
bidity = 

— O 2 per hour for 3 1 ml 
0 94 “ 

0 31 “ 

10 “ (average) 

Nitrogen content 
Viable count 


1 8 6 

3 7 X lOVml 
181 2 mm ’ 

54 9 “ 

17 9 “ 

58 2 » 

1 24 X 10"* mg /ml 
6 0 X lOVml 
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Calculations are made as follows 


Population of parent culture — 

—0 per cell hour — 

—0* per gm N per hr — 
Nephelometric index of sue — 

— Oi per nephelometric cell per hour — 
Nitrogen per cell — 


6 0 X 10’ 

- 3 

20 


58 2 

=» 9 

6 X to’ 


58 2 

» 4 

1 24 X 10-“ 

3 7 X 10’ 

=• 5 

S/8 6 X 10’ 
9 7 X 10-’ 

« 1 

5 3 

1 24 X 10-* 

«a 2 

6 0 X 10’ 



0 

7 

7 

3 

8 

1 


X 10* bac 
tena/ml 

X 10'’ mm * 
X 10® mm ’ 

X 10“’ mm ’ 
X 10-'“ mg 


The results of the mdividuat measurements are shown m the figure 
where they are plotted against the age of the parent cultures Av 
erages of these values for the several time mtcrvals are given m the 
table The values mdicated on the graph for cultures at zero tune 
represent the mean of the corresponding values for 18 to 2i hour cul- 
tures (t e , of the cells used for seedmg), which accordmgly appear 
twice m the graph No measurements could be made until popu 
lations approaching 10’ cells per miUihter were reached, which oc- 
curred near the end of the phase of lag This probably corresponds 
with the point of maximum size and activity per cell, as observed by 
Martm and others (4-6) m prohferatmg cultures In several tnals 
with cultures seeded with larger numbers, and exammed at 1§ to 3 
hours, the activity per viable cell was always much less than the high- 
est values recorded in the table This findmg is m conformity with 
the observation of Hennci (3), that the maximum size attamed de- 
creases as the size of seedmg is mcieased 
The curve correlatmg oxygen uptake with bacterial numbers shows 
dearly that cells taken from cultures just entermg the phase of log- 
arithmic multiphcation consume oxygen at six times the minimum 
rate ptevailmg near the end of this period There is no further 
change as the culture ages Thus our observations with cell suspen- 
sions confirm the findmgs of previous investigators (4r-6), who have 
used growmg cultures, only with respect to the early phases of growth 
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The Average Size oj Cells and Rate of Oxygen Uptake in Relation to Age of Cultures of 

Bacterium coli 


1 

2 

3 

4 

5 

6 

7 

3 

9 

10 

11 

No of 
obser- 
vations 

Age of 
parent 
culture 

Popula- 
tion of 
parent 
culture 
X 

lOVml 

Gen • 

GO,t 



— Oj per 
nephelo 
metric 
cell per 
hr XlO-i 
mm.* 

N per 
cellX 
10“'“ mg 

Nost 
giving 
equal 
turbid 
ity X 
lO'/m! 

Nephelo 
metric 
index of 
size 

3 

hfs 

3 

1 

2 8 

itr hr 

3 0 

ftitft 

35 

11 1 

5 0 

n 

2 2 

0 7 1 

5 3 

5 

4 

36 

3 5 

35 

7 0 

4 9 


1 5 

1 0 

3 7 

6 

5 

220 

2 2 

35 

3 8 

4 9 

2 0 

0 80 

2 1 

1 1 9 

3 

6 

450 

1 0 

35 

1 7 

4 5 

1 7 

0 38 


1 0 

3 

8 

830 

0 2 

35 

2 0 

4 6 

2 0 

0 43 


1 0 

3 

12 

1100 

<0 1 

35 

2 1 

4 8 

1 8 

0 42 


1 3 

4 

18 

1300 

<0 1 

35 

2 1 

5 1 

2 3 

0 41 

4 1 

0 9 

4 

24 

1400 

<0 1 

35 

1 8 

5 1 

1 6 

0 35 


1 1 


' Rate of multiplication in the parent culture by graphic mteipolation from 


values given by the formula n/t - 


log b — log B 


•where B = initial, and b = 


t log 2 

final numbers, for the observed mterval / 

t Tune required for twofold mcrease m rate of oicygen uptake m sub-culture 
J Expressed as numbers per miUihter of sahne matchmg 0 5 per cent CuSOi 



Fig 1 Rates of oxygen uptake per viable cell, and per gram of bacterial 
mtrogen, in relation to phase of growth of Bacterium coli cultures 
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The continuous decrease in metabohc rate per cell observed by them 
during the later periods does not appear in our data We beheve 
that in these earher experiments the fall m the metabohc rate below 
the imtial value must be attributed to changes m the medium dunng 
growth, and to competition withm the growmg population, especially 
for oxygen (U-12), and m no way reflects changes m the cells them 
selves In our measurements, which were earned out with similar 
populations m mediums of uniform composition, secondary effects 
due to changes m environmental conditions have been excluded 

Very different are the results obtained when rates of oxygen con- 
sumption are computed m terms of the umt of bactenal mtrogen 
On this basis, values for oxygen uptake are constant throughout the 
penod of observation This suggests that the significant vanable m 
cultures of different age is the average size of cells Column 9 of the 
table shows the magmtude of these changes as expressed by the "m 
trogen per cell" quotient This quantitative agreement between 
changes m oxygen consumption pet cell, and the average cell size, 
may be taken as suffiaent evidence that the one is wholly referable 
to the other The size mdices (column 1 1) obtained from the nephelo 
metnc data ace m good agreement with the mtrogen per cell values 
and lead to the same conclusion 

It is mterestmg that the time required for a twofold mcrease m 
rate of total oxygen uptake of the culture (correspondmg to a func 
tional “generation tune”), is the same for cells of all ages, as can be 
seen m the table This observation suggested another type of ex- 
periment (14) m which it was found that multiphcation rates of 
Backnum colt dunng the early hours of growth are in a large part the 
expression of changes takmg place m the average size of cells In 
particular, the phenomenon of lag seemed to be wholly referable to 
these changes The manometne findmgs suggest further that the 
absolute growth rate is the same for both young and old cells This 
conclusion must be made with caution, however, smee evidence has 
been obtamed that depnvation of carbon dioxide m the respirometer 
cultures imposes a new hmitmg factor on the rate of growth, at least 
when small inocula are used 

These experiments have not rexealed any speafic differences be 
tween the metahohsm of young and old cells which nught be desenbed 
as physiologic youth and maturity They do not, of course, explain 
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other differences, such as cataphoretic mobihty (8), and susceptibihty 
to unfavorable environment (1), neither of which, however, in our 
opmion provides adequate basis for the hypothesis of cellular differ- 
entiation 

Subsequent expenments will be directed toward elucidation of the 
environmental factors influencmg the size of cells, and further cor- 
relation between the age of the parent culture and the absolute rate 
of growth of transplants 


SUMMARY 

1 Measurements of the rate of oxygen uptake per cell in trans- 
plants of Bacterium coh from cultures of this organism m different 
phases of growth have given results in essential agreement with the 
observations of others 

2 Correlations of viable count, centnfugable mtrogen, and tur- 
bidity, with oxygen consumption, indicate that the mcreased metab- 
ohsm durmg the early portion of the growth period is quantitatively 
referable to increased average size of cells 

3 Indirect evidence has suggested that the imtial rate of growth 
of transplants is not related to the phase of growth of the parent 
culture 
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ELECTROKINETIC PHENOMENA 

XHI A COMPAtUSON OF THE ISOELECTRIC POINTS OF DISSOLVED 
AND CRVSTALUNE AMINO ACIDS* 
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{From The Biological Lahoralory^ Cold Spring Harhor Long Island^ Tito iTedtcal 
Service and Laboratories of the Mount Sinat Hospital^ Pfew Yorkj and the 
Department of Botany, Uniiersiiy of Minnesota, Minneapolis) 

(Accepted for publication, MarcK 12, 1938) 

INTRODUCTION 

The electrokinetic properties of partides m a given medium are 
due entirely to a surface film which may or may not be chemically 
similar to the bulk of the particle Many of the quantitative ex- 
periments on electrophoresis have dealt with systems designed to 
study the influence of the surface film on the bulk of the particle 
In these systems the surface films have frequently been protems and 
the bulks of the particles have been such diverse substances as quartz, 
air, and paraffin oil With few exceptions a film of a given protein 
adsorbed on inert surfaces has electrokinetic properties quite sunilat 
to the electrokinetic properties of the protem when dissolved, or sus- 
pended as an amorphous, relatively insoluble particle Inasmuch as 
protem films and protem particles have been extensively mvestigated, 
the electrokmetic properties of simpler ampholytes like ammo acids 
ment analysis by the same methods used to mvesDgate the electnc 
mobihties and the isoelectric pomts 

The concept of the isoelectnc point was first used to indicate a reference con 
centraUon at which the electnc mobihty of a particle of any sort is equal to 
zero Although it was first employed by Hardy (1) to designate the pomt of 
reversal of sign of charge of particles of heat denatured albumin hydrogen ions 


• These results were presented, in part, at a meetmg of the Amencan Physical 
Soaety, 1931 

t John D Jones Scholar, The Biological Laboratory, Cold Spring Harbor 
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were not the first used to cause the reversal of the sign of surface charge by 
electrolytes In 1880, about twenty years before the expenments of Hardy, 
Gore (2) investigated electroosmosis through clay diaphragms He noticed that 
an alcohohc solution of banum bromide reversed the sign of surface charge The 
term isoelectric point later became of importance in connection with dissolved 
ampholytes Pauh in 1906 (3) investigated solutions of protems, and since that 
time, the isoelectric point has been of importance not only in coimection with the 
characterization of the electrical properties of surfaces but also with the condi- 
tions under which the net charge of dissolved ampholytes sums up to zero over a 
time average Both on the basis of usage and experiment, therefore, a crystal 
of an amino acid suspended in a hquid may have an isoelectric point as well as 
the dissolved ammo acid itself Recent discussions frequently consider only the 
thermodynarmc aspects of the isoelectnc point of dissolved ampholytes How- 
ever, it does not seem, as some of these recent discussions imply, that the term 
should be restricted to dissolved substances or thermodynamic considerations 
alone, especially when it is considered that the isoelectric point of particles or of 
surfaces is usually obtamed by a conductance method 

It seems desirable, therefore, to define the isoelectnc pomt as sug- 
gested by one of the wnters (4) so that the defimtion includes both 
dissolved and suspended materials According to this point of view, 
the isoelectnc pomt of an amino acid, whether dissolved or crystaUine, 
may be defined as a reference concentration ([H+] or [Th++'*''^], for 
example) at which 



(r » t) 


Here e is the electromc charge and is the number of ions of the t-th. 
type, of valence z, at the surface dunng the time dt T represents 
the time of observation and r the life period of an ion at the surface 
That IS, the time average of the total sum of all of the positive and 
negative ions of the ampholyte is zero m the case of the dissolved 
ampholyte Similarly, in the case of any surface or of a large ion, 
the isoelectnc state is that m which the sum of all of the positive 
and negative charges on the surface over a tune average is equal to 
zero The conditions relating to the life penod of the ion r may be 
fulfilled by observing a large number of fluctuations dunng the period 
of a measurement, te , a. statistical sample 
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A case m point is the cholesterol surface It has been observed 
recently by Moyer (5) that the point of reversal of the sign of charge 
of crystals of cholesterol and ergosterol occurs near pH 3 2 From 
the pomt of view of the organic chemist, these sterols can hardly be 
considered ampholytes Yet these surfaces m contact with an aque- 
ous medium show ampholytic properties similar to those of adsorbed 
protein films They have, therefore, an isoelectric point and can be 
considered to have amphotenc surfaces which can hardly be described 
by thermodynamic considerations on the basis of their formulas 
In this communication, a comparison will be made of the iso 
electnc pomts of dissoUed ammo aads obtained by the conventional 
thermodynamic methods and the isoelectnc pomts of ammo aad 
crystals determined by measuring the electnc mobihties of these 
crystals themselves The significance of these measurements will be 
discussed m connection with the constitution of the limits of crystal 
lattices of ammo acid surfaces in their own saturated solutions 

HISTORICAL 

There is a surpnsmgly large number of substances which are usually negaUvely 
charged when suspended m their ovm saturated soluUons and which show xeveisd 
of sign of charge when aads or polyvalent ions are added Thus it was shown 
by Pcmn (6) for aqueous media, that ci>stals of phenyl salicylate, naphthalene, 
sulfur, and metallic oxides may be reversed m sign of charge by hydrogen ions. 
In addition xmc sulfate barium sulfate, chromic chlonde as well as silicon carbide, 
showed similar properties Since that lime, a ventable host of surfaces, espeaally 
those composed of <^ilver halides have been investigated m connection with the 
effect of isomorphous and homeomorpbous ions on the position of the isoelectnc 
point These crystals have had the added advantage of being studied by both 
thermodynamic and elcctrokinetic investigations In connection with the present 
report may be mentioned the work of Mukherjee and I> er (7) who studied certam 
organic acids and ammo aad crystals m their own saturated solutions These 
investigators found that phenyl glyanc*o*carboxyhc aad crystals reversed their 
sign of charge in dilute aqueous hydrochlonc aad whereas crystals of w-ammo 
benzoic aad were positive in their own saturated solutions and were reversed 
by alkali 

The work of Winterstcmer and Abramson (8) showed that surfaces of 
crystals have a different isoelectnc point than adsorbed films of insulin on quartz 
By having a suffiaent amount of insuim dissolved m the solutions, the crystals 
apparently adsorb the dissolved protein more rapidly than larger crystals can be 
built and under these conditions, the crystal surface behaves like the surface of 
adsorbed insulin 



732 


ELECTROKINETIC PHENOMENA XTH 


Methods 

Two horizontal, flat electrophoresis cells, whose dimensions have been pre- 
viously descnbed (9), were used m the measurements of electnc mobihty A 
detailed description of the electrophoretic methods has been given elsewhere 
(10-12) All measurements were performed at room temperature (23'27®C) 
In difficult determmations, measurements were made at successive levels through- 
out the cell and the resultmg parabola mtegrated (13), but m most cases data 
were obtamed at the stationary levels 

The cystme preparations were obtamed from three different laboratones 
Tyrosme and aspartic aad were from Eastman Kodak Company and were studied 
m the form as purchased and after subsequent recrystalhzation The meltmg 
pomts of these preparations were all high Usually the ammo acid crystals were 
finely ground and suspended m the acid or buffer solutions for 24 hours before 
measurements of pH and electnc mobihty were earned out Many experiments 
were performed after 3^ hour with no observable differences 

The rapid setthng of the larger particles to the floor of the electrophoresis cell 
and the consequent alterations of the surface properties of the glass floor were 
hable to produce asymmetry of the mobihty-depth parabola In addition, the 
high conductance of solutions below pH 3 required the use of currents which m 
some cases appeared to produce turbulence When such effects were noted, the 
cells were always cleaned and the measurements repeated Alternate use of two 
cells of different dimensions provided a check on the rehabihty of the data 
hlany of these difficulties might have been ehmmated by the use of the vertical 
cell descnbed by Abramson, Moyer, and Voet (14), had it been available at the 
tune when these measurements were made 

EXPERIMENTAL 

Analysts of the v-pH Curces — ^Fig 1 shows the electrophoretic mo- 
bihty-pH curve of aspartic acid in solutions of hydrochloric acid 
It will be noticed that the isoelectric point of the suspended crystals 
hes near pH 2 3 The arrow and the cusp m the titration curve in- 
dicate the position of the isoelectric point of dissolved aspartic acid 
at pH 2 9 as calculated from the dissociation constants (15) 

Cystme crystals m hydrochlonc acid solutions likewise are isoelec- 
tric near pH 2 4 (Fig 2) The three sets of circles are data for the 
three different preparations It was desirable to confirm the fact 
that the isoelectnc point of cystme crystals differs in position from 
the isoelectric point calculated from dissociation constants Data 
were therefore obtained m ii/200 acetate buffers of constant ionic 
strength A few pomts were also obtamed m the same buffer to which 
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a/5 NaCl had also been added Note in Tig 2 that at the isoelec- 
tnc point o£ dissolved cystine, as calculated by thennodynaanc meth 
ods (15), the electnc mobihties of the crystals of cystine are rather 
high and easily measured The addition of salt to the solution lowers 
the electnc mobility in a way similar to its effect on the mo 
bdiUcs of inert surfaces or of lonogemc surfaces Although the data 
obtained m sodium acetate buffers are not sufficiently accurate or 
numerous for extrapolation to an isoelectnc point, the general direc- 
tion of the smooth curve drawn through the points m Fig 2 is toward 




Fig 1 A companson of the electric mobihues of aspartic acid crystals m HCl 
solutions and the titrauon curve of dissolved aspartic acid The arrow indicates 
the position of the isoelectnc point of dissolved aspartic and • - HCl 
Smooth curve — titration 


the region designated as the isoelectnc point in solutions of hydro 
chlonc acid at pH 2 3 The smooth curve above the abscissa is 
drawn from the data given by Sano (16) for the solubihty of cystine 
In Fig 3 are presented results of measurements of the electncal 
mobihties of tyrosine Here a similar comparison is made with the 
solubihty of tyrosine (17) and with the isoelectnc points determined 
for the dissolved tyrosine (15) and the crystals themselves It is 
somewhat surpnsmg to note that although the isoelectnc point of 
dissolved tyrosine calculated in the usual way hes near pH 5 7, the 
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isoelectric point of the crystals fails very close to the isoelectric point 
noted in the foregoing for cystine and for aspartic acid As mentioned 
previously for cystme, tyrosme crystals suspended in m/200 acetate 
buffers possess a negative charge, and the data mdicate that an ex- 
trapolation of the smooth curve will pass near pH 2 4 As m the 
case of cystme, addition of salt, here m/8 NaCl, lowers the electncal 
mobihties It is also of mterest that m Figs 1-3, there is no point of 




Fig 2 The electnc mobihties of cystme crystals suspended in hydrochlonc 
acid and m sodium acetate buffers The arrow points to the isoelectric point of 
dissolved cystme #00 == HCl, O = n/200 NaAc, □ = N/200NaAc + n/S 
NaCl Smooth curve — solubihty (Sano) 


inflecUon on the mobihty-pH curves of the suspended crystals near 
the values of pH given for the isoelectnc point of the dissolved ammo 
acids 

In a few experiments with cystine the surface properties seem to be 
reversible, for dilution of the medium imtially at a pH below the iso- 
electnc pomt of the crystals to a value above then isoelectnc point 
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resulted in reversal of sign of charge ‘ Data for the construction of 
smooth electnc mobility pH curves for these crystals in HCl solubons 
are presented m Table I 

Effects of Salts — As mentioned previously, umvalent salts de- 
press the electnc mobibty with increase of the lomc strength analo 
gous to that observed with other surfaces (18) An increase in the 
ionic strength of the medium has httle if any effect on the position of 
the isoelectnc point of the crystals studied (Figs 2 and 3) It was of 
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Fig 3 The electnc mobilities of tyrosmc crystals suspended m hydrochlonc 
aad and m sodium acetate buffers The arrow points to the isoelectnc pomt of 
dissolved tyrosine • -• HCl C n/ 200 NaAc, o — N/200 NaAc + n/8 
NaCl Smooth curve — solubility (Hitchcock) 


' Some interesting but rather difficult c^enments were performed with ammo 
acid crystals while they were actively dissolving A quantity of finely ground 
tyrosine crystals was added to sodium acetate buffer and electrophoresis measure- 
ments were performed immediately Although suffiaent quantitative measure 
ments were not feasible at that time the data obtained indicated that the electnc 
mobilities of dissolving crystals were close to those of the crystals m their own 
saturated solutions and did not markedly differ from those m Fig 3 
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interest to study the eSect of a polyvalent ion Fig 4 shows the 
effect ot adding low' concentrations of AlCh to a suspension of tyrosine 
crystals in hydrochlonc aad The concentration of alununiun ion 
IS expressed as pAl to show that an isoelectric point may be reached 


TABLE 1 

Doia for tit, Cons'r iciion of Smooth Electric Ifobility-pH Curves for Ammo Acid 
Crystals Suspended in Hydrochloric Acid Solutions 


Assmtic aad 

Tyioaine 1 

C>aUM 

pH 


pH 


pH 1 

9 

2 30 

0 1 

2 33 

0 

2 37 

0 

2 75 

-1 50 1 

3 24 

-1 50 

3 75 

-1 50 


* n/sec /volt/cm 



by addiUon of Al^^^ ions to a certam activity of aluminum ion just 
as by adjustment of the soluUon to a certam pH value an isoelectnc 
point in terms of pH may be attamed It may be observed that 
aluminum ion acts in a conventional way by lowering the electncal 
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mobilities o{ the negatively charged crystal surfaces even in very high 
dilution pH changes due to the addition of the Aids were of no 
importance for the pH rose as the aluminum concentration was in- 
creased This would presumably have tended to mcrease mobihties 
rather than decrease them Other surfaces, not usually considered 
amphotenc, such as cellulose (19), may be reversed by polyvalent ions 
although not by hydrogen ions 



Fig 5 These data demonstrate that ammo aad crystals behave very much 
hie inert surfaces in their abihty to adsorb gelatin. Evidently the amphotenc 
properties of the surfaces of the ammo acid crystals do not interfere with the 
adsorption of another ampholyte • «■ gelatin adsorbed by quartz, o »■ col 
lodion (Loeb) c ■■ cystme 3 =• tyrosme Smooth curve— titration 

Effect of Added Ampholytes — ^When crystals of tyrosine or cystme 
were suspended in solutions of Cooper's gelatin m if/150 acetate buff- 
ers, they yielded the same ti-pH curve as particles of collodion or 
quartz when these too were suspended in gelatin (Fig 5) In other 
•words, the gelatin coats the surface of these ammo aad crystals just 
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as it does an inert surface This lack of specificity of the under- 
lying surface has been observed with most, but not all, adsorbed pro- 
tems (20, 21) The smooth curve is the titration curve fitted to the 
same scale as the mobfiity data Similar correspondence between 
mobihty and titration curves has been noted and discussed previ- 
ously (20, 22) 

A senes of quahtative experiments on the effect of a simple dis- 
solved ampholyte, glycme, on the isoelectnc pomt of cystme crystals 
showed no marked influence 

Comparison with Simple Alkyl Benzenes — ^In Fig 6 are the mobil- 
ity-pH curves of droplets of ^j-propyl benzene and ethyl benzene in 
HCl solutions Withm the limits of error the data were the same for 
two substances No reversal of sign of charge of the alkyl benzene 
droplets was noted At the lowest pH values investigated, their mo- 
bihty became zero within the limi ts of error The surfaces of the 
ammo acid crystals as determined by the slopes of their mobihty-pH 
curves are not markedly different from those of the alkyl benzenes 
However, they have one property which markedly distinguishes them 
from the alkyl benzenes It is the property which results in reversal 
of sign of charge in their own saturated solutions at suflSciently low 
values of pH 

Eifect of Size and Shape on Electric Mobility — ^The long needle-like 
structure of the tyrosme crystals offered an excellent opportunity for 
the investigation of the effect of needle length and onentation on the 
electnc mobflity Usmg Eastman Kodak Company tyrosine, it was 
found that (considermg the difficulty of making measurements on 
particles of this type) crystals and fragments of crystals between 2-30/1 
migrated mdependent of their length in the electnc field Particles 
less than 2/i long gave a vanable mobility, moving more slowly than 
the others 

Carefully recrystaUized tyrosme was powdered and suspended m 
sugar solution to make a more careful analysis of the effect of particle 
length on electnc mobflity Previous microscopic examination of the 
unpulvenzed matenal m the same medium had shown a umform sus- 
pension of long needles with no very small particles Exammation 
of the electnc mobihty revealed that tyrosme needles or fragments of 
tyrosme crystals from 2—100/1 migrate mdependent of their length and 
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onentation Patticles of the order of or less show slightly de- 
creased electnc mobihties 

Two explanations might be offered for the fact that tyrosine par- 
ticles 2(1 in length show decreased mobihties One of these is the 
diminution of mobility caused by the siee of the particle approaching 
the thickness of the double layer, that is, a decrease in xr below a 
critical value 

An alternate explanation, which appears more plausible, is that 
which has to do mth the nature of the crystal itself In order to ob- 
tain small fragments of tyrosine needles, the crystals have to be finely 
ground This results in a change from the natural surface of the 
crystal formed durmg crystalhaation the area of the fractured sur- 
face approaches the area of the natural crystalline surface and there- 
fore the electnc mobility is changed 

DISCUSSION 

Since X ray diffraction data do not give very exact information in 
regard to the constitution of the limits of the crystal lattices of the 
substances investigated when suspended m aqueous media, it is diffi- 
cult to offer precise mechanisms explainmg the behavior of the sur- 
faces of the amino acids under discussion A point of view which is 
derived from the analysis of the crystal structure and the electro 
phoretic behavior of the silver hahdes may be of service in this 
connection (reviewed by Abramson (23) and Verwey (24) ) The 
reversal of the sign of charge of silver chloride crystals may be visual 
ized by considenng that at the limits of the crystal lattice one of each 
of the SIX ions of the lattice is lacking for each ion of Ag+ and Cl~ 
This results m unsaturated valence forces being made available for 
reactions with ions opposite in sign of charge Thus, an excess of 
silver ion reverses the negative sign of charge of silver chlonde or 
silver iodide crystals In a similar fashion, negatively charged banum 
sulfate crystalhne surfaces may be reversed m sign of charge We 
have seen that hydrogen ions alone do not reverse the sign of charge 
of simple alkyl benzenes We must invoke, therefore, somemechanism 
essentially connected with the constitution of the crystal lattice of the 
ammo acid crystal to explain the apparently simple reversal of the 
sign of surface charge The only mechamsm which has occurred to 
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US IS one which would assume that reversal of the sign of charge is, 
in part, brought about by the deposition m the lattice of the iso- 
morphous ions of the positively charged dissolved amino acids them- 
selves In this way, in the case of tyrosine, for example, if the pH 
IS decreased and more tyrosine goes into solution, not only will there 
be an increasing number of ions available for adsorption, but also a 
markedly increased number of positive tyrosine ions It is possible 
that these tyrosine ions may fit into the lattice and produce a reversal 
of sign of charge m the same way that silver ions may produce reversal 
of sign of surface charge of a crystal of silver chlonde In this con- 
nection, observe the slopes of the mobility-pH curves of the crystals 
of armno acids in Fig 6 where all three are given for companson At 
first glance, it would seem that reversal of sign of surface charge oc- 
curs more rapidly in those instances where the increased solubility 
occurs most rapidly, that is, the slope of the tyrosine curve is greater 
than the slope of the cystine curve, and is less than that of the aspartic 
acid However, the rapid change in the mobihty of the alkyl ben- 
zenes with pH does not support this point of view Not all crystalline 
organic surfaces, however, would fall into the category established for 
the silver halides or for the point of view given here for the amino 
acid crystals Thus Moyer (5) has shown that the crystal surfaces 
of cholesterol appear to be simply reversed in sign of charge by hydro- 
gen ions From the point of view of structural chemistry, there are 
no groups which react with hydrogen ions to produce reversal of sign 
of charge, nor is cholesterol sufficiently acid in character to account for 
its isoelectnc point at pH 3 2, the point given by Moyer for his purest 
preparations One might suppose that the order of increasing slopes 
of the mobility-pH curves (Fig 5) would follow the order of pH values 
of the corresponding isoelectric points for dissolved amino acid mole- 
cules Thus an amipo acid whose isoelectnc point (in the dissolved 
state) was high on the pH scale would begm to have its mobilities 
reduced by its adsorbmg positively charged ions at a pH value where 
crystals of another ammo acid, with dissolved molecules isoelectnc 
at a lower pH, would be scarcely aSected As seen from Fig 6, 
however, the results do not bear out this simple picture for the order 
of the slopes is not the same as the order of the corresponding iso- 
electric pomts It vnll be necessary to include in the development of 



HAROU) A ABRAMSON AND LAURENCE S HOVER 


741 


a complete theory of the effect of pH on the electnc mobihties of 
cryataUme anuno acids, the effect of adsorbed hydrogen ions m addi- 
tion to the entrance of dissolved anuno acid molecules into the sur- 
face, even though the effects of hydrogen ions may be less important 
than isomorphous ions 



Fig 6 A comparison of the electnc mobihties of emulsion droplets of simple 
alkyl benzenes with those of the surfaces of crystalhne ammo acids o “ « 
propyl benzene, • “ ethyl benzene, I « cysUne (crystal) II « tyrosme (crystal), 
III — aspartic acid (crystal) 

In the case of the surfaces of the keratins, such as wool (25), hair, 
skm, and finger nails (26), the electrokinetic properties are probably 
miluenced more than adsorbed protems by the constraints occurring 
at the surface of the crystal lattice Smee in the case of the keratins 
the elongated protein molecules are arranged side by side and held 
together by S — S hnkages for the most part (27, 28), it seems 
likely that the constramts imposed on the reactmg groups of the sur- 
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face are not so important as they would be m determimng the electro- 
kmetic properties of a truly crystalhne amino acid and that the iso- 
electric pomt found by Harns represents the ionization of the protein 
molecules fairly closely Goddard and jMichaehs (28) have presented 
values for the flocculation maximum of wool brought into a dissolved 
state by thioglycohc acid and other reducing agents Data on the 
electrokmetic properties of these dissolved keratins would be of in- 
terest A simpler case is afforded by the experiments of Harns (29) 
on silk fibrom In this protein the elongated molecules m the crys- 
talhte are not held together so tightly as m keratin smce peptization 
may be readily produced S — S linkages are also lacking Harris 
has found that the electnc mobflities of particles of ground-up silk 
fibroin are identical with the mobilities of silk fibroin adsorbed on 
quartz particles The isoelectnc point was the same for both crys- 
talhte surface and adsorbed protein surface, lymg near pH 2 5 

Companson should be made between these results and those of 
Wmterstemer and Abramson (8), discussed m the foregoing, for crys- 
talhne and amorphous insuhn surfaces, an example of a more truly 
crystalhne protem It is probable that the rearrangement occasioned 
by the transformation of a sphencal, dissolved protein such as egg 
albumm or msuhn mto the crystalhne state would produce effects 
which serve to distmguish surfaces of this type from the keratin 
surface 

A better understanding of the nature of the surfaces of amino acid 
crystals and the surfaces of crystalhtes like keratin must await the 
mvestigation of the surfaces of long-chain ammo acids and poly- 
peptids 

SUMALARY 

1 Although the isoelectnc points of dissolved cystine, tyrosine, 
and aspartic acid molecules he at widely diffenng pH values, the iso- 
electnc points of the surfaces of these substances m the crystalline 
state are all near pH 2 3 This was found to be true m solutions of 
hydrochlonc acid and m acetate buffers of approxunately constant 
lomc strength 

2 When suspended m gelatm, tyrosme and cystme crystals adsorb 
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the protein and attain a surface identical in behavior wth gelatin- 
coated quartz or collodion particles 

3 Aluminum ions at low concentrations reduce the electnc mo 
bilities of tyrosine crystals to zero m a manner analogous to their ef- 
fect on other surfaces 

4 Alkyl benzene droplets also have their electnc mobility reduced 
to zero at low pH values but, unlike the ammo aads, a change in 
sign was never noticed 

5 The mobility of tyrosine crystals is independent of crystal length 
between 2 100/i Below this size the mobilities are decreased 

6 Ihese results are discussed in connection with the concept of the 
general defimlion of the isoelcctnc point and the behavior of certain 
insoluble proteins such as wool and silk fibroin 
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THE ADSORPTION OF PROTEINS AT OIL-WATER 
INTERFACES AND ARTIFICIAL PROTEIN- 
LIPOID MEMBRANES 

Bv IRVING LANGMUIR Ainj D F WAUGH 
(From the Raearch Laboratory, General Eledrtc Company, Sclteneclady) 
(Accepted for publicabon, February 25, 1938) 

EmuEtons o£ oil m water can theoretically be thermodynamically 
stable only if the interfacial surface tension y between the two phases 
IS zero This follows from the fact that the pressure m a droplet of 
radius r exceeds that in the surrounding hquid by an amount 

A# - 2 y/r ( 1 ) 

When two drops coalesce the pressure within the drops decreases and 
there is a decrease in free energy 

If a liquid IS heated to its critical temperature y vamshes when its 
separate phases disappear Similarly if phenol and water are mixed 
and heated to the critical solution temperature the two hquids become 
miscible when 7 = 0 These considerations would seem to mdicate 
that all emulsions must be inherently unstable or metastable since 
on the one hand stabihty requires 7 = 0 and on the other handy = 0 
requires that there shall be only one phase 

Closer examination, however, shows that even when 7 = 0, drop 
lets may be stable and there may be no tendency for the separate 
phases to disappear 

If an insoluble non volatile substance is spread as a monolayer at an 
air water mterface of surface area S, the lowenng of surface tension 
may be looked upon as being due to a spreadmg force F exerted by the 
adsorbed molecules as the two dimensional analog of a pressure Here 
F IS defined by 

P =■ T« — 7 (2) 

where 70 is the surface tension of the pure solvent and 7 is that of the 
surface covered by the monolayer 
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In general depends upon tr, the number of molecules/cm 2, m the 
monolayer and upon the temperature The relation connectmg these 
three quantities may be called an equation of state, and is the two 
dimensional analog to the equation which relates the pressure mth 
the density and temperature of a gas 
If the free surface S is altered, as by moving a barner, the total 
number of adsorbed molecules S<t remains constant Thus for in- 
soluble adsoibcd substances F depends on 5 in a manner that can be 
calculated from the equation of state In general F increases rapidly as 
6 ’ deci cases 

A substance which lowers the surface tension of water but is appre- 
ciably soluble in water also forms an adsorbed film on the surface, and 
F IS still 1 elated to cr and T by an equation of state But now if the 
tic'O aioa vS IS decioased So- does not remain constant, for some of the 
adsoibcil molecules can go into solution The relation between the 
piopei ties of the adsorbed film and the concentration c of the dissolved 
substance m the solution is given by Gibbs’ equation 

JF/d In c = <riT (^) 

1 )} combining this witli tlie equation of state so as to eliminate F 
it is possible by integration to obtain an “adsorption isotherm” which 
gu cs IT m toims ot c and T On the other hand, if we eliminate «r we 
obtain an equation which w^e may call the “force-isotherm” that 
oxpiossos F as a tuiiction ot c and T 
^^ith a solubility .is great as one part per milhon, the amount of 
solute 111 the water phase is usually far greater than the amount 
adsorbed and therolore it 6 ' is changed r does not change appreciably 
and i' remains const int Thus even a shght solubihty may have a 
pixMonad etiect on the rel uion between F and S' 
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Let US now take the case m which the substance adsorbed at the sut 
face of the oil drops is insoluble in both the water and the oil Consider 
a smgle droplet that has iV molecules adsorbed on its surface S, so that 

» = N/S (4) 

With a sufficiently large value of iV it is possible that F may be so 
great as to make 7 = 0, which will occur liF = 70 

It IS now no longer necessary that the two phases should disappear 
Consider, lor example, a droplet of spherical form for which 7 = 0 
If the drop becomes distorted its area increases, and therefore <r and F 
decrease and 7 becomes positive Any distortion of the drop from 
the sphencal form brings into existence a force which causes the drop 
to return to sphencal form 

If the amount of adsorbed substance is increased beyond that needed 
to make T = 70, or 7 = 0, for the sphencal drop, the drop will auto- 
matically inaease its surface by assuming some non sphencal form, 
but 7 remains zero 

According to this theory it seems possible to explain the existence of 
stable oil water emulsions having an msoluble emulsifying agent 
adsorbed on the surfaces of the drops which have zero surface tension 

Protein Monolayers on Water 

Henn Devaux in 1903 found that egg albuimn forms msoluble 
monolayers at an air water interface In a recent paper' he descnbed 
experiments to measure the degree of insolubihty Egg albumin 
monolayers formed either by spreading from a sohd fragment of the 
substance or from dilute solutions can be reversibly compressed to 
one half area 

Smce this protem is normally soluble m water, one would expect 
from equation (3) that the solubihty would be enormously increased 
by compressmg the film For example, let us consider a protein mono- 
layer at F = 0 having an area of 1 0 sq meter per mg and assume a 
molecular weight of 35,000 This gives <r = 1 7 X 10"molecules/cm ’, 
and equabon (3) at 20°C gives i In c = 220 dF A compression of 
the film from F = 0 to F = IS should thus mcrease the solubihty by a 
factor of 10“ 

' Devaux, H., CompI rend Acad sc , 1935, 201, 109 
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Actually, however, the monolayer at all pressures seems to be wholly 
insoluble In fact, the process by which soluble egg albumm sponta- 
neously spreads to form a monolayer on the surface appears to be 
irreversible Devaux showed that, after compression of the mono- 
layer to about one-fifth of its area, the area returns nearly to its 
original value when the force is removed With a compression to less 
than one-fifth area, there is a gradual loss of the power to expand com- 
pletely and one can then observe minute folds in the film which 
become more pronounced the greater the degree of compression 
However, even if the film is compressed to one-twelfth area or less 
there is no evidence of any solution in the underlying water By 
crumpling the film into a very narrow strip it can be lifted off as a 
thread or fiber by means of a platmum wire If this is placed, either 
wet or after drymg, upon a fresh surface of water dusted with talc it is 
seen that there is no tendency whatever for this substance to spread 

Experiments by Mr Schaefer m this laboratory with egg albumm, 
pepsm, insulin, and other proteins have confirmed this complete 
insolubihty of protein monolayers 

Devaux,^ with very dilute aqueous solutions of egg albumin in a 
tray 2 or 3 mm deep, found that at concentrations greater than 10~^ 
parts by weight a monolayer is gradually formed which is thicker than 
that which corresponds to E = 0 The diffusion of the protein to the 
surface at these low concentrations is very slow, so that in each expen- 
ment the solution was allowed to stand for 24 hours before the mono- 
layer was tested A definite portion of the monolayer between two 
barriers was then allowed to expand by moving these barriers apart, 
until the force E fell to zero as indicated by the action of talc when 
blown upon lightly It was found that the higher the concentration 
of the solution the greater the expansion ratio Multiplying this ratio 
by 11 A, the thickness of the monolayer at E = 0, Devaux obtained 
the values given in the second column of Table I With solutions 
more concentrated than 10"® it was necessary to replace the protein 
solution under the film by pure water in order to avoid the diffusion 
of a new supply of protein to the surface during the expansion of the 
film 

- Devaux, H , Coinpt rend Acad sc , 1935, 200, 1560 
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If we take Philippi’s value of 1 IS sq m /mg for an egg albumin 
monolayer at P = 0 and use the ratio of expansion as found by Devaux, 
we obtam the data m the third column 
The data m the last column arc the approximate values of F needed 
to compress egg albumin monolayers to the various thicknesses given 
m column 2 These are rough determmations by hir Schaefer made 
wth a commeraal grade of egg albumin 
It is evident that although the reaction between a protem solution 
and a monolayer is irreversible the pressure F builds up m 24 hours 
to a value that vanes with the concentration of the underlying solu- 
tion A kind of pseudoequihbnum results 


TABLE I 

The Fomaiion of Monolayers on Eig Albumin Solutions 


Protein coacenuetioo 
paru by weight 

film thlelLsea 

A 


F 

iQ-* 

46 

0 28 

33 

10-* 

SO 

0 42 

29 

i(r* 

24 

0 S3 

25 

10^ 

20 

0 63 

22 

s X io-» 

17 

0 75 

18 

4X 10-' 

13 

0 97 1 

4 

- 1 

11 

1 15 1 

0 


The rate of change of F with log c, as given m Table I, corresponds 
to a value of <r = 4 X lO” molecules/cm ’ according to equation (3), 
m the range of c horn 10~^ to 10~* Combinmg this with the 
data m the third column, we find that the vanation of P is as 
great as if the molecular weight of the proteins ranged from 2000 to 
5000 However, since equation (3) is denved from thermodynamic 
pnnciples, there is no reason to expect it to be apphcable to the 
irreversible phenomena of Table I, so the foregomg calculation is of 
doubtful significance 

Protem Monolayers at Oil Water Interfaces 
The property of proteins of forming insoluble monolayers should 
make these substances particularly suitable for testing our hypothesis 
that stable emulsions can be formed contaimng droplets havmg zero 
surface tensions 
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A third paper by Devaux^ describes experiments which have an 
mtimate bearing on this problem He took a solution of 10-® parts 
by weight of egg albumin in water m a flask, added some pure benzene, 
and shook it With this concentration of protein the droplets of 
benzene nse, join with one another, and form a separate phase floating 
on the water The protem is adsorbed at the interface If the 
amount of protem is sufficiently small in relation to the area of the 
mterface, the mterfacial surface appears clear and brflhant By 
increasmg the amount of protem or decreasing the area of the mter- 
face, the surface becomes suddenly dull and cloudy, and when agitated 
the cloudmess vanes irregularly over the surface Devaux determined 
the amount of protem necessary to produce this pecuhar appearance, 
and concluded that the amount needed is just sufficient to cover the 
mterface with a monolayer of from 9 to 22 A thickness, depending 
upon the pH of the solution The cloudy appearance of the surface 
when the amount of protem exceeded a definite Imut is due to the 
presence of imnute folds of the protem membrane in the mterface 
The presence of folds at the mterface should occur when 7 = 0 or 
when F = 7o 

We have repeated these experiments of Devaux, usmg a long tube 
about 25 cm long and 3 cm m diameter This tube is filled about 
one-third with protem solution and about one-quarter with benzene 
After shaking, the tube is held m a horizontal position until the 
phases separate By tilting the tube gradually toward the vertical 
position, the mterfacial area can be decreased progressively until at a 
critical angle the cloudy appearance descnbed by Devaux appears 
We have also tried the Devaux experiment usmg hght mineral oil and 
water and obtamed substantially the same results 

With higher concentrations, such as 10”*, the droplets of benzene 
do not readUy join together They obviously have a very low surface 
tension, and a few drops are often seen which are drawn out into sharp 
pomts with a cloudy membrane over their surface, just as would be 
expected if the mterfacial tension were zero However, even wth 
concentrations of protem considerably above the cntical value most of 
the droplets seem to have defimtely a positive surface tension 

* Devaux, H , Compt rend Acad sc , 1936, 202, 1957 
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Since 7o for benzene water is about 35 dynes/cm , the adsorbed 
protein film at the interface must be very highly compressed, and it 
seemed possible that at such high pressures irreversible changes occur 
like those observed at air water interfaces causing F to decrease 
gradually below 70 It would therefore seem better to use a pair of 
hquids that have a lower interfacial tension than water benzene 

Proleiit Membranes 

For many biological problems it would be desirable to have one or 
two monolayers of protein forming a membrane between two aqueous 
phases Such a membrane may be expected to have some of the 
properties of a cell surface It would be interesting to study its elec- 
tncal properties and its permeabihty for various substances 
Mr Schaefer and one of us, some months ago, made preliminary 
experiments m the effort to obtain such membranes We found that a 
platinum wire loop (8 mm diameter) or a plate perforated by small 
holes, when lifted up through water on which there is a monolayer of 
egg albumin subjected to a pressure of 30 dynes/cm or more, retained 
a film like that from a soap solution These films could frequently be 
dried in air without rupture They were very difScult to see, for they 
reflected practically no hght, as their thickness was far less than the 
wave length of hght Under the microscope mth dark field lUurmna- 
tion they became visible when punctured, for light was scattered from 
the edges of the hole m the protein film Films of this kmd m air do 
not seem to meet the needs of the biologist We were not able to 
immerse such films in water without ruptunng them 
Attempts to lower a platmum loop or perforated plate mto water 
covered with a protein monolayer seemed in some cases to give mem 
branes, but they were so fragile that the method did not seem 
promising 

We have recently attempted to budd protem membranes by lower- 
ing loops or perforated plates through the mterface between benzene 
and water at which there is an adsorbed protein monolayer, at a 
concentration which gives approximately 7 = 0 
A 0 1 per cent solution of egg albumm m water m a beaker was 
covered with a layer of benzene After a short time, on shghtly 
agitatmg the beaker, the charactenstic cloudy appearance of the inter- 
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face was seen On lowering a wire loop througli the interfacial film 
a membrane was formed which lasted at best about 20 seconds It 
seemed that when the protem monolayers on the opposite sides of tbe 
loop came mto contact by the gradual up-flow m the mtervening 
benzene fiilm, the membrane ruptured Observation of the memscus 
at the benzene-water mterface durmg the lowenng of the loop proved, 
however, that the mterfacial surface tension was not zero If it had 
been zero, there should have been no memscus 

Durmg the lowenng of the loop through the mterface there must be a 
radial m-flow of the protem monolayer toward the loop These highly 
compressed protein films seem to possess a certain degree of ngidity 
hke those on the surface of water, so that the surface tension may not 
equalize itself over the whole surface 

If the film is stretched by lowenng the loop, the takmg up of new 
protem from the underlymg solution seems to be a very slow process 
especially when the film is highly compressed For example, Devaux 
found that fragments of solid egg albumin would build up films of 
a thickness of 65 A after 24 hours Some experiments that we have 
made showed that withm 10 minutes the presence of a sohd fragment 
of egg albumm on the water surface raises F to about 18 dynes, which 
would correspond to a film of a thickness of only about 1 7 A The rate 
of amval of protem molecules mto the monolayer from the underlying 
solution probably slows up very rapidly as the thickness of the mono- 
layer mcreases 

It seemed to us therefore that it would be desirable to have an inter- 
facial film which had a surplus of folds in it before we attempted to 
build a membrane We found that this could be done by lowenng a 
chrormum plated shde through the benzene-water interface, holding 
it under the water for a short tune, and lifting it out agam The 
surface of the plate had been pohshed and made hydrophobic by cover- 
mg it with molten feme stearate and rubbing vigorously with a clean 
cloth to remove all but a monolayer of stearate 

The effect of lowenng the plate through the mterface was to cany 
down a film of benzene and to stretch the mterfacial film, thus decreas- 
ing its thickness so that new protem could rapidly be taken up by the 
film On raismg the plate, the protem monolayer which had been 
earned down by the plate returned to the mterface between the bulk 
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phases of the water and the benzene, producing a circular area in the 
middle of this interface which was obviously greatly folded and far 
more cloudy than the surrounding surface This prestretcliingiol the 
surface gives an interfaaal area much larger than the apparent one 
After 10 to 20 seconds, however, the folds that were produced in this 
way seemed gradually to disappear, leaving the interface in its onginal 
condihon If the platinum wire loop was lowered through the inter- 
face, within a few seconds after prcstrctching, the membrane formed 
on the loop persisted for about 1 minute While the wire frame was 
bemg lowered the folds produced by the prestretching were used up 
during the formation of the first part of the membrane During this 
time there was practically no meniscus The remaining portion of the 
membrane was formed under slight tension, as indicated by the menis- 
cus, and this was probably responsible for the subsequent ruptunng 
When the membrane did break it disappeared completely 
In cell surfaces, besides proteins, there are present such substances 
as sterols and lecithin, whidi may be responsible for the stabihty We 
tried some experiments therefore in which we added cholesterol to 
the benzene, but without appreciably improving the results 
The addition of 0 5 mg of lecithin per cc of benzene greatly im 
proved the results A layer of this solution over a 0 1 per cent solution 
of egg albumin in water gave membranes which lasted several minutes 
without ruptunng and when they finally broke it was seen that there 
was only a small hole near the center of the film The hole, however, 
grew rapidly in size until the Devaux cnnkling effect was seen around 
the edges, indicatmg that the intcrfacial surface tension had then 
become zero A partly ruptured membrane having a hole covenng 
one fifth of its area remained unchanged for several hours 
The ruptunng of these membranes was overcome by prestretching 
the mterfacial film between the dilute lecithin solution and the aqueous 
protem solution The hydrophobic chromium plate is lowered into 
the mterfacial film for about one half mmute On withdrawing it 
there is a large circular area on the interface having a great number of 
folds which show httle tendency to disappear, indicatmg that the 
lecithin greatly stabilizes the mterfacial film and prevents it from 
contracting or collapsmg If a wire loop is dipped into the vicimty 
of these folds, a membrane is formed which, although covenng the 
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total area of the wire loop, shows the Devaux cloudiness These 
membranes if undisturbed show no tendency to rupture We made 
several of these membranes on separate wire loops suspended in the 
water phase from the sides of the beaker By perfusing the vessel 
with a very slow stream of distilled water, the benzene, the mterfacial 
film, and the protein solution were slowly washed away, leaving the 
intact membranes in pure water The benzene which was originally 
between the two protein monolayers was presumably dissolved by the 
water, since it is appreciably soluble in water The membrane prob- 
ably therefore consists of two layers of protein separated by one or two 
monolayers of hpoid 

The failure to obtain good protein membranes without the lecithin 
and the disappearance of the folds in the interface produced by pre- 
stretching are probably caused by a gradual crumpling of the protein 
monolayer at the interface due to formation of cross linkages between 
the molecules, resulting in a kind of dcnaturation of the film The 
difficulty thus seems to be due to the fact that = 35 is too large a 
spreading force for a pure protein to stand indefinitely A pair of 
liquids showing lower mterfacial energy might solve the problem The 
lecithin, however, seems to enable the film to withstand this pressure 

It seems possible that by the addition of a substance that would 
lower the mterfacial tension a similar result might be obtained We 
tried the effect of the addition of ethyl alcohol, but wc did not find 
any improvement in the protein films by its use This may well be 
due to a displacement of the adsorbed alcohol by the protein 

5 ml of saturated cetyl sulfate solution injected into 100 ml of the 
protein solution under the benzene made it much easier to get the 
Devaux effect and it persisted longer Traces of such substances may 
facilitate the building of membranes Using an egg albumin solution 
without added substances the Devaux effect produced by gently tap- 
ping the beaker was very much more pronounced after the protein 
solution had been allowed to stand for 24 hours in contact with the 
benzene This suggests that after long periods of time the value of P 
can finally rise to 35 in spite of the initial tendency to collapse 

Slahtlizatioii oj Oil-Water Eniulstons by Proteins 

Observations of the surface tensions of globules of benzene in dilute 
protein solutions seemed to indicate that in most cases the surface 
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tension was not quite zero The difference in density between the two 
liquids, however, somewhat interfered with the interpretation of 
these results We therefore added enough carbon tetrachloride to the 
benzene to mabe the density nearly that of water, and this was then 
shaken in about twice its volume of water Upon addition of a few 
drops of 1 per cent egg albumin solution the tube was gently shaken 
and allowed to stand The h> drocaibon phase remained suspended 
almost motionless in the form of large drops throughout the aqueous 
phase Some of these drops were not even approximately spherical, 
but were of very irregular shape, showing that the surface tension was 
actually zero In some cases it was found that a large drop of the 
hydrocarbon phase contained a large drop of water inside it It would 
seem that by perfusing such a double drop with water it would be 
possible to dissolve out the benzene and the carbon tetrachloride, 
leaving a double shell of protein which would have considerable re- 
semblance to a cell wall 

We beheve that the techiuquc we have described for building protein 
membranes across holes in plates may be useful to the biologist in the 
study of the properties of these membranes Such a plate having a 
hole coveted by a membrane could form the partition between two 
separate aqueous solutions, so that permeabiUties and conductivities, 
etc , could be studied 
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The alternating current impedance of a nerve mav be measured in a 
moist chamber between electrodes placed along its length, as is usually 
done for excitation and action potential studies The impedance of 
several nerves has been measured m this manner (Krliger, 1928, 
Lulhes, 1930, 1934, Cole and Curtis, 1936) Labes and Lullies 
(1932) have interpreted the data of the latter on the basis of a core- 
conductor model vnth a double layer and a diffusion capacity at the 
axon membrane 

A more satisfactory analysis of this “longitudinal" impedance would 
mvolve not only the flow of current into and along a smgle axon, but 
also the electrical properties of the other axons in the nerve trunk and 
the current flow through and around them Such an analysis would 
be difficult and probably too cumbersome to be useful, so it is expedient 
to look for an experimental technique where the results can be analyzed 
more easily 

A length of nerve may also be laid between two long parallel elec- 
trodes so that the direction of the current flow will be pnmanly per- 
pendicular to the axon axes For a homogeneous nerve, this “trans- 
verse” impedance may be readily derived theoretically and in a simple 
algebraic form (Bozler and Cole, 1935, Cole and Curtis, 1936) On 
this assumption of homogeneity, measurements show that the axon 
membrane has a polarization impedance Unexplamed effects anal 
ogous to polarization impedance are found at metal electrolyte inter- 
faces, in imperfect dielectncs, and internal viscosity of solids, but the 

* Aided by a grant from Tbc Rockeleller roundation 
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equation which describes them all is purely empirical and the use of the 
term polanzation impedance is an admission of ignorance For an 
inhomogeneous nerve, the calculations are more involved (Cole and 
Curtis, 1936) but a distribution of static membrane capacities among 
the axons can be assumed which will also explain the data However, 
the necessary range of capacities is so great as to seem qmte unreason- 
able since the membrane capacities of a vanety of other cells are 
within a factor of three of each other Both of these mterpretations 
of the transverse impedance data on whole nerves are rather unsatis- 
factory since they do not uniquely determine the characteristics of 
the individual axon 

It is therefore necessary to further simplify matters by making 
transverse measurements on a single axon, but this was not considered 
possible until we were introduced to the squid giant axon by Dr John 
Z Young (1936) We are also very much indebted to hun for his 
assistance m prehimnary experiments which were made dunng the 
summer of 1936 at the Biological Laboratory, Cold Spring Harbor, 
Long Island 


Procedure 

The Woods Hole squid, iohgo peahx, was used and the dissections were made 
at a temperature of about lO^C The hindmost stellar nerve was dissected free 
between the stellate ganglion and the point where it enters the mantle muscle 
and the small fibers teased away from the giant axon in silu The axon iias 
then tied off at the proper length with fine silk threads, cut free at both ends, and 
transferred to the conductivity cell In large animals, these axons can be dis- 
sected clean for a length of over 5 cm and they have diameters from 0 5 to 0 6 cm 
or sometimes larger With careful dissection and proper treatment they can be 
kept excitable for several hours after excision Early measurements were made 
at about 2‘’C but it was later possible to work with excitable axons at room 
temperature 

The conductivity cell constructed for these measurements is similar to one 
which was used for the transverse impedance measurements of NUella (Curtis 
and Cole, 1937) Since the sea water m which the axons were measured has a 
much lower specific resistance than any of the electrolytes used for Nitella, larger 
electrodes were necessary to avoid serious electrode polanzation difficulties 
This cell, shown in Fig 1, was built up of glass and de Khotmsky cement with a 
long rectangular groove m the top for the axon At the center of each side, the 
wall of this groove was cut away for a length of 5 6 mm and a depression ground 
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leading to a platinized platinum electrode 12 mm by 5 mm cemented to the glass 
The top surface of the cell was then ground flat 

The entire cell vs as filled with sea water and covered with a flat glass plate 
after the axon had been placed on the plateau rcmaimng between the electrodes, 
and m the grooves at either end of it 

There was then a omsiderable amount of sea water whose resistance was in 
senes with the impedance of the axon, but the whole cell may be considered as 
made up of an inactive part whose resistance is unaffected by the axon and an 
active part which is equivalent to the cell used for Nxtella measurements The 
cell constants of these two parts were determined by equation (1) from measure 
ments of the resistance with a senes of small glass rods m place of the axon As 
a check a few axons were measured m a small electrode cell of the type used for 
Ntlella measurements The latter data are not very satisfactory, but to within 
the limit of error they agree with the measurements made with the large electrode 
cell 



Fig 1 Measunng cell for transverse impedance of a single axon 

As soon as the axon was m place the cell was connected to the \Vheatstone 
badge and the exatabihty tested as follows The badge was balanced with a 
small voltage, at a low frequency 30 to 200 c (cycles per second), a cathode ray 
osciUograph bemg used as null pomt detector The amplified badge output was 
connected to the vertical deflecting plates The oscillograph figure was then an 
eUipse which, at balance became a horizontal straight hne As the voltage mput 
to the badge, and consequently the current through the axon, was mcrcased a 
small hump appeared on the oscillograph pattern This hump increased with the 
mcreasmg mput until the action potential suddenly appeared m its place 

Measurements 

The general construction and operation of the alternating current 
Wheatstone bridge used for these measurements has been desenbed in 
detail (Cole and Curtis, 1937) 
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The bndge input was reduced to a small fraction of that necessary 
to stunulate and the impedance measured as the parallel resistance, 
Rp, and capacity, Cp, at eleven frequencies from 1 to 2500 kc (kilo- 
cycles per second) The excitabihty was tested again at the end of 
the frequency run and until the axon failed to respond Then an- 
other frequency run would be taken In many cases, the axon was 
left m place until, after several hours, the low frequency resistance 
slowly fell to a low value and the parallel capacity disappeared 
The axon was measured and removed from the ceU, which was then 
filled with sea water Another frequency run was taken which deter- 
mmed the electrode polarization corrections at the lowest frequencies 
and the capacity of the empty cell at higher frequencies 
The impedances were then computed as senes resistance, i?,, and 
resistance, X,, at the different frequencies and plotted as the imped- 
ance locus (Cole, 1928) This locus for a typical axon is shown m 
Fig 2 


Transverse Impedance Theory 

The equation for the specific impedance, z, between opposite faces 
of a nearly square cell with a cyhndncal axon at the center, as given 
by Rayleigh (1892), and used for the Nttella measurements, is the same 
as for a unif orm suspension of uniform parallel cyhnders 

1 - ri/s ^ t — nAi (j) 

l + ri/z ^ 1 + r,/sj 

where ri is the specific resistance of the medium, p is the fractional 
part of the volume of the cell occupied by the axon, and Zo is the 
eqmvalent specific impedance of the axon This latter is given by 

rj = rj + =j/o (2) 

(Cole, 1928), where r^ is the specific resistance of the axon intenor, 
Z 3 the membrane impedance, and a the axon radius As has been 
shown when Zj is a polarization impedance with a constant phase 
angle independent of frequency, the impedance locus is a circular arc 
wiSi Its center below the resistance axis (Cole, 1928, 1932) The phase 
angle, of zj is then half the angle between the radii to the intercepts 
of the arc on the resistance axis 
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It can be lurtber shown that the membrane capacity per unit area, 
Cu, can be computed directly from equations (1) and (2) or mote 
simply by the equation (Cole and Curtis, 1936), 


t l — 
aurt 1 — (fi/n)' 


(3) 


4 IS the “active” cell constant, r„ and r« are the circular arc extra- 
polated resistances at zero and infinite frequency, and w is 2 ir tunes 
the characteristic frequency, for which the senes reactance is a maxi- 
mum Since the capacity of a polarization impedance vanes with 
frequency and has the value given by equation (3) at the character- 
istic frequency, the capaaties m all cases have been calculated at 1 kc 
The mtemal resistance of the axon n may be expressed in terms of 
the resistance of sea water, n, and r, from equations (1) and (2), or 
by 



The resistance for a imit area of membrane rj is computed (Cole, 1937) 
from the difference between the actual volume concentration pn and 
the volume concentration p which is computed at low frequency by 
equation (1) considenng the rest of ij to be infimte 

, (2 - A) 

r^a - fi ; r„ 

A 

where 

A — (p — p)/p 


Data and Inkrpreiahons 

It IS seen from Fig 2 that equation (I) is an adequate representation 
of the data on this axon over most of the frequency range, when the 
membrane has a polarization impedance with a phase angle of 79° 
The phase angles for other axons varied from 64° to 85° with 76° as an 
average value From equation (3), it was found that the membrane 
capacity at 1 kc for the axon of Fig 2 was 0 97pf /cm * Values were 
obtamed from 0 66 to 1 60pf /cm * and the average of twenty two 
experiments was 1 07pf /cm ’ No significant change of these quanti- 
ties with temperature was observed 
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In general, the high frequency pomts fit the circular arc no better 
than in the data plotted, but from equation (4) and the values of 
extrapolated by the arc, mtemal resistances are calculated from 1 5 
to 6 9 tunes the resistance of sea water with an average of 4 2 Con- 
sidermg the difficulties mvolved, the volume concentrations calculated 
from axon diameters p„ and those obtamed from the low frequency 
resistances by equation (1) assummg a non-conductmg membrane, p, 
agree rather weU There is some spread m the data, and if we take 
the maximum deviation we obtain, at least as a lower limi t, a mem- 
brane resistance of 3 ohm cm ^ from equation (4) 

Five satisfactory experiments were obtamed in which an impedance 
locus could be plotted on the same axon both before and after loss of 



Fig 2 Impedance locus, senes resistance R, vs senes reactance X,, for a 
single axon at room temperature Frequencies given are in kilocycles per second 

excitabihty These axons covered a considerable range of sixes and 
phase angles The constants cn, ri, and u were computed for each 
axon m the two conditions and the average change of each constant 
was neghgible 

As has been mentioned, several hours after the axons lost excitabil- 
ity, the low frequency resistance and capacity would start to decrease 
until the membrane capacity became zero and the mtemal resistance 
was that of sea water 

DISCUSSION AND CONCLUSIONS 

It IS unfortunate that the data are not more consistent and re- 
producible from one axon to another But the axons are delicate and 
are not exatable unless they have been handled qmte carefully, so it 
may be that the results are as good as should be expected There are 
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indications that the phase angle of the Arbacta egg membrane may be 
affected by rough handling (Cole and Spencer, 1938, Cole and Curtis, 
1938) But smce the phase angle and the other constants of the 
axons do not change on loss of excitabihty, we hardly feel justified m 
explaimng the wide variability in the excitable axons as due to injunes 
which were not sufficient to prevent excitability Transverse imped- 
ance measurements must by their very nature be made m a higher and 
more difficult frequency range from the longitudinal measurements 
and furthermore, the extra resistance incurred by the use of large 
electrodes alone mcreases the necessary precision of the measure- 
ments tenfold 

In spite of the vanations, it seems reasonably certam that over a 
large frequency range, the squid giant axon membrane has a polariza- 
tion impedance with a phase angle of about 76° and a capacity at 1 kc 
of about 1 Ipf /cm ’ Although it was suggested (Cole and Curtis, 
1936) that the whole nerve data could be interpreted on the basis of a 
statistical distribution of diameters and static membrane capacities 
among the axons, further calculations made this assumption seem 
rather improbable, particularly in view of the fact that a polarization 
impedance has been found for the single cell Nttella Consequently 
the polaruation impedance is not particularly surprising, nor is the 
average axon membrane capaaty entirely unexpected, in view of the 
wide vanety of cell membranes which have capacities of the order of 
one /if /cm “ 

A few measurements were made on the fin nerves of the squid, with 
many small axons covering a wide range of diameters, which gave 
phase angles between 40° and 50° This is a much lower value than 
has been found for any single cells or reasonably uniform material 
We may assume that it is due in part to phase angles less than 90° for 
the mdividual membranes, and in part to the distribution of diameters 
A similar explanation can probably be given for data on other whole 
nerves 

If then a polarization impedance can be an inherent charactenstic 
of a smgle cell membrane, the problem of the membrane structure is 
somewhat clarified Although, as has been said, there is no adequate 
picture of this polarization mechanism, we may now look upon it as a 
general problem, of which the static capacity is a speaal case 

Ferhans the most mterestine observation is that the imneHanee 
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properties of th.e axon did not change when it became mexcitable It 
has been observed that the restmg potential does not alter markedly 
under the same conditions, but it seems difficult to ahgn these two 
types of measurements at present The constancy of the red blood 
cell membrane capacity m chemical hemolysis (Fncke and Curtis, 
1935) is probably more nearly analogous Smce the phase angle and 
capacity are undoubtedly determined by the membrane structure and 
composition, we are led to assume that the changes accompanying 
hemolysis and loss of excitabihty are either shght, if the membrane is 
homogeneous, or else take place m only a small fractional part of the 
area if the membrane is not uniform It must be remembered that 
suspension and transverse measurements are not smtable for the 
determination of the resistance, or change of resistance, of the mem- 
brane to direct current because by these methods, it is not yet possible 
to measure or even detect a conductivity when the resistance is above 
100 ohm cm - The Nttella membrane has a resistance of 100,000 
ohm cm - or more (Blinks, 1930) and preliminary measurements have 
mdicated that the normal axon membrane resistance may be of the 
same order of magmtude 

It rmght well be that excitabihty would be lost when this resistance 
feU to 1000 ohm cm -, but it does seem unreasonable to suppose that so 
large a change would leave the membrane phase angle and capacity 
unchanged if it took place over the entire membrane surface If then, 
after loss of exatabdity, the resistance contmued to decrease, more and 
more current would flow through the membrane and cell mtenor until 
it would become measurable at a membrane resistance of about 1 ohm 
cm - If it were then to go as low as 0 01 ohm cm - it would be very 
difficult to detect any evidence of a normal membrane polarization 
impedance, and as yet we have no w ay to deterrmne whether the final 
drop in the low frequency parallel resistance and capacity is due to a 
dismtegration of the membrane structure responsible for the polariza- 
tion impedance or whether it remams essentially mtact and the current 
flow IS increasmgly diverted as highly localized areas have less and less 
resistance 

There is not sufficient mformation available at present to determine 
the nature of the effects which were observed in the excitabihty te^ts 
The prelurunary humps on the cathode ray figure may be explamed 
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as either a change of impedance or an unequalized potential Also, it 
IS not possible to locate and explam the ongin of the action potential 
satisfactoniy for the electrode arrangement used 

SDMUARV 

The impedance of the excised giant axon from hindmost stellar 
nerve of Lohgo pealti has been measured over the frequency range from 
1 to 2500 hilocycles per second The measurements have been made 
with the current flow perpendicular to the axis of the axon to permit a 
relatively simple analysis of the data It has been found that the 
axon membrane has a polarization impedance with an average phase 
angle of 76° and an average capacity of 1 Ipf /cm ’ at 1 kilocycle 
The direct current resistance of the membrane could not be measured, 
but was greater than 3 ohm cm ’ and the average internal specific 
resistance was four times that of sea water There was no detectable 
change m the membrane impedance when the axon lost excitabihty, 
but some tune later it decreased to zero 
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In the course o£ prelimtnaty experiments on the penetration of 
mtrates into Valoma iiiacropkysa, Kfltz ,m Bermuda m the winter of 
193S-36, it was found that livmg ceUs mvanably contamed significant 
concentrations of nitrate ions 

Previously Wodehouse* had shown that Valoma sap gave a test for 
nitrate by means of the mtron reagent, although the surrounding sea 
water did not An analysis made m this laboratory on preserved sap* 
yielded the low value of 0 002 m, and it was conjectured that it might 
be higher m fresh sap In 1934, UUnch,’ workmg m Naples, found that 
freshly collected cells had no mtrate detectable by the phenol disulfomc 
method but that after 5 days m the circulating sea water of the station 
the mtrate concentration rose to the neighborhood of 0 OIS M, which 
was also the average concentration of mtrate m the circulating sea 
water at the time of the experiments He did not find accumulahon of 
mtrate m any of his experiments 

On the basis of earlier work we had assumed that the mtrate con- 
centration of the sap could be neglected The object of the present 
paper is to show that in Valoma inacropitysa m Bermuda mtrate is 
accumulated to a large extent, as Wodehouse has already shown 
quahtatively 

Analyses made on Baltcyslis Oslerliouitt, Blinks and Blinks m 1936-37 
showed mtrate inside greater than outside by SCO times or more 

The work on Valoma falls mto two parts, 13 analyses made in the 

‘Wodehouse R P,J Biol Chem 1917,29,453 

* Osterhout W J V , / Ge« Physiol , 1922-23 B, 225 

* Ulkich, H , Planta, 1934, 23, 146 
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Winter of 1936 37 on the sap of cells which had been exposed to the 
arculating salt water system of the Bermuda Biological Station for 
var 3 ang periods from a few hours up to 6 weeks, and 10 analyses made 
m the wmter of 1937-38 on sap extracted in the field immediately after 
collection 


Analyses 

The presence of nitrate m the sap and m the sea water was demonstrated 
quahtatively by the method of Atkins, ■* using diphenylbenzidine, and m the case 
of sea water this method was used for the quantitative analysis Because of the 
large amount of nitrate present it was not suitable for the sap and a method based 
on the use of Devarda’s alloy, which reduces nitrate and mtrite to ammonia, was 
substituted 

The analysis was carried out as follows 0 1 ml of centrifugahzed sap was 
transferred to the distillation flask of a micro-ammoma steam distillation ap- 
paratus similar to that described by Teorell ® 5 mg of Devarda’s® alloy was then 
added and the flask was coimected to the apparatus Then 2 ml of 30 per cent 
sodium hydroxide was adrmtted to the flask and reduction started by appl>mg 
a small flame for a few moments The escapmg hydrogen was made to pass 
through the condenser, through 10 ml of 0 05 N sulfunc acid, and finally mto the 
air through a trap consistmg of glass pearls wet with 0 05 N sulfuric acid In this 
way loss of ammoma durmg the reduction stage was avoided After 10 mmutes 
reduction, the amm onia was distilled m the steam current mto the sulfuric acid 
and its quantity was detenmned by Nessler’s reagent, usmg the Zeiss-Pulfrich 
step-photometer as desenbed m a previous paper ^ 

A dete rmin ation of a mm onia was made on each sap sample by steam distilla- 
tion without the addition of the reduemg alloy, and the result of this was sub- 
tracted from the total mtrogen found by the first procedure, to give mtrate -f- 
mtrite mtrogen 

Several samples of sap also were tested for mtnte, using the dimethyl amhne 
hydrochloride test These mvanably gave less than 0 0001 ir mtnte nitrogen 
which was about the lower limit of sensitivity as we used the method Nitnte 
mtrogen may therefore be neglected 

The diphenylamme test for mtrate is, as Ekkert® has pomted out, also given 

Atkins, W R G , / Marine Biol Assn United Kingdom, Plymouth, 1932, 
18, 167 

® Teorell, T , Biochem Z , Berhn, 1932, 248, 246 

® Devarda, A , Chem Zentr , 1897, 2, 64 

^ Jacques, A G , J Gen Physiol , 1937—38, 21, 665 

3 Ekkert, L , Pharm Zentralhalle, 1925, 66, 649 (quoted from Chem Absir , 
1926, 20, 158) 
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by lodates, chlorates, perchlorates bromates, chromates, and bichromates, tung 
states, molybdates, vanadates, fem<^anates and peroxides Atkins pomts out 
that the same substances must also give the diphenylbenzidine test He adds 
to the list arsenate and fenic iron Of these substances, the heavy metal acids 
are most unlikely to be present in the sap in detectable amounts remc iron 
has been found to be absent by tesUng with thiocyanate lodate and bromate 
have been excluded by adding KI to the sap m the presence of dilute suUunc acid 
and chloroform If either lodate or bromate had been present m appreciable 
amounts the lodme produced would have colored the chloroform This test is 
better for lodate than for bromate, but the absence of an important amount of the 
latter is also proved Chlorate and bromate were tested for by the sea water 
method of Korenman,® and found to be absent Perchlorate is scarcely likely 
to be present m any important amount and this is true also for peroxides In 
any case the absence of these latter was proved by a test with ‘ lummol,” or 
3 ammo phthalh>drazide (not ‘ luminal ')» by a method suggested to the writer 
by 0 Baudisch 

It seems clear therefore that the strong diphenylbenzidme test we obtained is 
vahd evidence of a considerable amount of mtrate in the sap 

The analyses however were made by reducmg the mtrate and determining 
ammonia It is therefore necessary to consider how the results may be afifected 
by other sources of ammonia Brandt^^ used aluiiuDum amalgam m a solution 
made alkaline by magnesium oxide to reduce nitrate and mtnte, but bis method 
has been criticized by Harvey*® for the very small amounts of mtrate m the sea 
water on the ground that the treatment may decompose organic mtrogen com 
pounds such as ammo acids and proteins His criticisms were appUed to the 
case of sea water They can scarcely apply to our analyses of the sap where the 
mtrate content is at least several thousand times greater The sap contains too 
httle protem even if it could be all decomposed by reduction, so as to give its 
mtrogen m the form of ammonia, to affect our results senously and the absence 
of all but a doubtful famt trace of ammo acid has been estabhshed by testing the 
sap accordmg to the method of Folm ** \Vc may say therefore with considerable 
confidence that our method gives reasonably accurate values for mtrate m the sap 
This apphes chiefly to Valcnta Haheystts sap has not been studied so much 

* K-orenman, I M , MtkrocJumte 1936, 20, 225 

*® Accordmg to this method a dilute alkahne solution of 3 ammo phthal 
hydrazide is treated with a few drops of a dilute hemin solution, and to this is 
added a trace of the test solution In the presence of peroxides the mixture 
lummesces strongly Valonta sap failed to excite the lummescence, but a drop 
of a very dilute HjOj solution did so 

** Brandt K., Nova acta Ahh d k Leap Carol Deutsch Akad Natvrf 
1915 Vol C No 4 

** Harvey, H. W , Rapp consetl perm ttUeniat expl mer, 1929, 63, 72 
*» Folm, 0,J Bu)l Chem , 1922, 61, 377 
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and moreover the sap used here contained much larger, and more variable, amounts 
of ammoma, as determined by distillation from alkahne solution and Nesslenza- 
tion This IS m distinct contrast with the previous analyses of EahcysUs sap'^ 
which contained no appreciable amount of ammonia Blinks*® has suggested 
that the difference in ammoma content of Hahcystis cells probably depends on age 
and condition Old cells, such as were used in the present case, which have gone 
through several reproductive periods, invariably contain considerable quantities of 
dark deposits in the sap and it is presumed that the decomposition of this material 
furnishes ammoma, since cells with the dark material always have ammonia in 
them Before analysis the sap was centnfugalized, but there remams the possi- 


TABLE I 


Analyses of Sap of Yalonta for Nitrate 


Description oi locality 

Concentration 
nitrate + 
nitrite* in sap 

Concentration 
nitrate + 
nitrite in sea 
water 


Shallow lagoon with circulation for about 12 


il 


M 


hours a day 



5 

X 

10-^ 

440 

Shallow tidal pool sheltered from the sun 


0134 

7 

X 

10-* 

19143 

Deep pond with slow arculation 



9 

X 

10-« 

2690 

Deep pond with slow circulation 



5 

X 

10-« 

4420 

Tidal inlet 



1 

X 

10-' 

1870 

Tidal shallow cove 

0 

0377 

1 

X 

10-« 

3770 

Open shore 

0 

0300 

1 

X 

10-' 

3000 

Artificial ponds at head of tidal inlet 

0 

0172 

1 

X 

10-® 


Tidal pool 

0 

0113 

9 

X 

10-« 


Tidal pool 

0 

0115 

9 

X 

10-« 


Station circulating salt water system (3 days) 

0 

0111 

5 

X 

10-« 


Average 

Average deviation from the mean 

0 0181 

0 0077 

7 5 X lO-o 

2387 


* Nitrite was shoivn to be negbgibly small m both sap and sea water 


bihty that soluble mtrogenous substances, ansmg from the decomposition of the 
msoluble organic material, may have given rise to ammoma on reduction How 
ever, it seems probable that there is some nitrate in normal HahcysUs sap, 
although the amount is smaller than m sap of Valonia 

In the first stage of the work (season 1936-37) the average concen- 
tration of nitrate in Valoma sap was found to be 0 0143 M, and the 

** Bhnks, L R , and Jacques, AG,/ Gen Physiol , 1929-30, 13, 733 
Bhnks, L R , / Gen Physiol , 1933-34, 17, 109 Blinks, L R , and Blinks, 
A H , Bull Torrey Bol Club, 1931, 67, 389 
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average deviation from the mean 0 0023 ii (13 samples) For Salt- 
cystis the average concentration of mtrate was 0 0043 k and the 
average deviation from the mean 0 0019 M (3 samples) 

Each group of Valoma cells taken for analysis was different in its 
history but this seemed to make no great difference m the mtrate 
content In all cases, however, the cells were exposed to the circu- 
latmg salt water of the Biological Station However, tests of the circu- 
lating sea water at vanous times gave only famt traces of mtrate 
But m view of Ullrich’s results which came to our attention after the 
complebon of the first part of the work it seemed desirable to test sap 
samples expressed in the field and to compare the mtrate content with 
that of the sea water collected m the vicimty of the cells at the time 
the sap samples were expressed The results of these analyses made 
m the wmter of 1937-38 are given in Table I 

DISCUSSION OF KESULTS 

As Table I shows the mtrate content of the sap was found to be m 
all cases much greater than that of the sea water sunounding the cells, 
the average accumulation m Valoma being more than 2000 fold 
Moreover, it is not impossible that the nitrate values for the sea water 
may be too high, espeaally in view of the statement of Rakestraw'* 
that “The vicimty of Bermuda is an area especially devoid of mtnte 
and other ‘nutrients ’ A number of surface samples were collected 
from the harbors and bays of the Bermuda Islands, and even from 
their fresh water streams and ponds, with no more than traces of 
mtnte, and immmal amounts of mtrates " As pointed out above the 
diphenylbenzidene test for mtrate is given by other oxidants and these 
may have been present in the sea water samples which were necessarily 
taken along the shore at low tide, when the cells are most easily col- 
lected Under these conditions it would not be surpnsmg if the sea 
water were modified considerably by metabohsm 
The minimum amount of accumulation in Valoma is therefore more 
than 2000 fold 

This IS of mtexest m view of a recent statement that it is doubtful 
whether Valoma can accumulate any other amon than chlonde ” 

“Eakestraw, N W Bull Bull , 1936, 71, 133 
” Steward, F C , and Martin, J C , Carnegie I ' 

No 475, 1937, 87 
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In considenng the possible sources of energy responsible for the 
accumulations, there is apparently no mtrate with a gradient of chem- 
ical potential in the required direction The manner in which the 
energy necessary for accumulation is apphed is not clear, but a number 
of possibilities suggest themselves (1) That nitrogen or mtrogenous 
compounds in the sea water, such as proteins, mtntes, or ammonia 
pass into the sap and are oxidized in the cell to nitrates (2) That 
the cell Itself or bactena found on the surface of the cell utilize mtro- 
gen to form soluble mtrogenous compounds, and these pass into the 
cell and are there oxidized to nitrates,*® and (3) that nitrate is formed 
by the cell itself or by bactena at the external surface of the proto- 
plasm If bactena manufacture the nitrate they supply the chemical 
energy and the mtrates pass into the cells by means of diffusional 
energy In all other cases the cell itself supplies at least a part of the 
energy in the form of chemical energy 

It is clear that if the mtrate is manufactured inside the cell, the exit 
of nitrate must be very slow The evidence in this respect is contra- 
dictory Thus the results of Ullnch® descnbed above suggest that 
mtrate passes freely m and out of the cell and comes rapidly into 
eqmlibnum in the sap and sea water On the other hand we find that 
cells which have been kept as long as 3 months at 15°C m dim light 
in sea water practically free from mtrate still contain appreciable 
amounts of mtrate Moreover there is no evidence that the sea water 
in contact with them has gamed nitrate Under these circumstances 
we may assume either that the exit is very slow or that the cell gradu- 
ally consumes the mtrate This must be left to future investigation 

Moore, Whitley, and Webster (Moore, B , Whitley, E , and Webster, T A , 
Froc Roy Soc London, Senes B, 1921, 92, 51) believe that Enleromorpha com- 
pressa is able to synthesize soluble nitrogenous compounds from nitrogen dis- 
solved in sea water 

*® At the present time the weight of the evidence seems to be against the direct 
fixation of mtrogen by green algae It is now supposed that the fixation takes 
place through bacteria which, according to a number of investigators, are regu- 
larly found on the surface of certain algae In the case of Valonia macrophysa, 
evidence of bactenal activity is found m the summer in Bermuda when cells are 
stored m still water The cells and even the walls of the contaming vessels be- 
come covered with thick layers of a jelly-hke matenal which gives the cells a 
slippery feehng 
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It should be pointed out, however, that (as shown in another 
paper’") when the nitrate content outside the cell is increased very 
greatly, its concentration inside also increases which indicates that 
nitrate can pass through the protoplasm 

Almost mvanably in our work we have found the total cation con- 
centration, (K+ -h Na+) or m some cases (K+ + Na+ -h NHi+), to be 
greater than the hahde concentration “ On the basis of Van der 
Pyl’s careful analysis Osterhout and Dorcas calculated the difference 
to be 1 9 per cent * They suggested that the discrepancy would be 
accounted for if mtrate, bicarbonate, and orgamc amons were taken 
into account From 25 analyses made at various times” on groups of 
cells under normal conditions the average concentration of (K+ -f Na+) 
was 0 6231 M and for halide 0 6134 u, a difference of 0 0097 or 1 6 per 
cent This discrepancy is more than covered by the concentration of 
mtrate m the sap for which an average-’ value of 0 0161 ii has been 
obtamed The discrepancy is now 1 0 per cent in the other direction , 
t e , we have an excess of hahde plus mtrate This is perhaps due to 
small amounts of calcium, magnesium, and ammoma in the sap which 
are not taken into account 

Our results differ from those of Stewart and Martin” who state that 
m ValoMto )«acro/i/iyia of Tortugas the hahde concentration is almost 
always greater than (K -f Na) and that for the average of 29 analyses 
(K+ -f Na+) = 0 620 M and hahde = 0 624 it so that the excess 
halide = 0 64 per cent 


SUMMARY 

The mtrate concentration m the sap of Valoma macrophysa, Kfltz , 
IS at least 2000 times that of the sea water, and in Halicyshs Osterlioutii, 
Bhnks and Bhnks, at least SOO tunes that of the sea water 

” Jacques, A G J Gen Physiol , 1937-38, 21, 775 

n Jacques, A G , and Osterhout, W J V / Gen Physiol , 1930-31, 11, 301, 
1931-32 18, 537 1933-34, 17, 727 Osterhout W J V and Dorcas M J , 
J Gm Physiol , 1924-25 7, 633 

“Jacques A G and Osterhout W J V J Gen P/iyeiol , 1930-31, 11, 301 
1931-32 15, 537 1933-34, 17, 727 Also unpublished results 

’ Tins is the average of all 24 analyses made m 1936-o7 and 1937-38 
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The ratio of halide to nitrate m Bermuda sea water, as shown m a 
previous paper, ^ is at least 80,000 to 1,* and m the sap the average 
value IS about 38 to 1 On this basis we might condude that the 
nitrate penetrates much more rapidly than the hahde unless the ni- 
trate IS formed m the cell from other nitrogen compounds’ or from 
atmospheric mtrogen 

If we decrease the ratio of hahde to nitrate m the sea water, we 
might expect a correspondmg change in the sap This occurs but 
the change is smaller than was expected, and it is independent of the 
extent of the change of the ratio of hahde to mtrate in the sea water 

By increasing the osmotic pressure of the sea water the cells can 

^ Jacques A G,J Gen Physiol , 1937-38, 21, 767 
This value has been calculated from the analyses of Bermuda sea water 
samples collected m the locahUes where Valonia occurs But, as pointed out m 
the previous paper (footnote 1), the figures obtamed may be much too high, 
smee the method of analysis by diphenylbenzidme is not specific for mtrates 
but mdudes many other oadants which arc possibly present in sea water along 
the shore In this connection Rakestraw (Rakestraw, N W , Biol Bull , 1936 
71, 133) has stated that the surface water m the vicinity of Bermuda is excep- 
tionally low m both nitntes and mtrates In any case it is clear that there is a 
remarkable accumulation of nitrate m the sap 

’ Moore, Whitley, and Webster (Moore B , Whitley, E , and Webster T A , 
Proc Roy Soc London Senes B 1921, 92, 51) beUeve that some marine green 
algae ate able to synthesize soluble mtrogen compounds from atmospheric nitrogen 
Others say that this process is due to nitrogen fixing bactena on the surface of 
the algae If this process takes place the mtrate concentration of the sea water 
m contact with the cell surface may be much greater than that of the sea water 
as a whole 
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be made to take in electrolytes even m dim light where the growth is 
neghgible and this device has been resorted to in the present case 
It has been found that the concentration of the sea water may be 
raised abruptly as much as 10 per cent without permanently injuring 
the cells or causmg plasmolysis The cells soften at first by losing 
water, but they rapidly regam their turgor 

TABLE I 


Entrance of Halide and Nitrate Into Valonia macrophysa from Hypertonic Sea 
Water with Varying Halide Concentrations 


Tune 

Hahde concentration (u) m sap of cells in 
modified sea waters 

Nitrate concentration (u) in sap of cells in 
modified sea waters 


A 

B 

c 

D 

E 

A 

B 

c 

D 

E 

hfs 













0 6106 




0 0171 



0 



Av 

0 6096 




Av 0 016 




0 6068 




0 0150 



84 

0 6328 

0 6321 

0 6431 

0 6366 


MB 


IQR 



156 

0 6309 

0 6378 

0 6393 

0 6366 

0 6328 






180 

0 6339 

0 6481 

0 6481 

0 6366 





j 


276 

0 6409 

0 6500 

0 6470 

0 6546 

QhI 



mH 

||g 



Molar composition of sea water 



Hahde 

Nitrate 

Hahde + nitrate 

Ratio hahdc/mtrate* 

1 

A 

0 400 

0 229 

0 629 

1 75 

B 

0 486 

0 143 

0 629 

3 41 

C 

0 572 

0 057 

0 629 

10 00 

D 

0 600 

0 029 

0 629 

20 70 

E 

0 623 

0 0057 

1 

0 6287 

109 30 


* The ratio in ordinary sea water is at least 80,000 to 1, the concentration of 
hahde being 0 58 ir and of nitrate 7 5 X 10“® u at most Probably it is much less 


EXPERIMENTAL 

The sea waters were modified by adding 1 2 ai NaNOa solution, 1 2 ii NaCl 
solution, and 0 6 Ji NaNOs solution in such proportions as to produce the desired 
mcrease m the electrolyte concentration and decrease in the external ratio of 
Cl/NOa ■* The cells were then placed m the modified sea water m deep rectangu- 

^ This, of course, lowered the external concentration of calcium, magnesium, 
and sulfate 
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hr covered Pyrex dishes, which were mechanically rocked very slowly At 
intervals cells were ivithdrawn for analysis for hahde and mtrate 

Hahde was determined by titration with AgNOi, the end point being found 
electrometncally, using a sdver electrode 

Nitrate was determmed by De\arda*s method as desenhed m another paper t 
Ammonia was determmed m each sample and a suitable correction apphed to the 
nitrate determination This correction was m general less than 2 per cent 

The results of a typical experiment are given m Table I The ex- 
periments were carried out m Bermuda m the winter o£ 1935-36 

DISCUSSION OP AESDLTS 

Because of natural vanations in the hahde and mtrate concentra- 
tions of the sap, the results are too irregular to permit a mathematical 
treatment of the kinetics It is clear, however, that as a result of 
raising the osmotic pressure of the sea water in the manner described 
the concentrations of both hahde and mtrate have meteased in the 
sap At the end of the experiment the concentration oi hahde -p 
mtrate inside was greater than that outside by about 0 05 u which is 
approximately the same difference as m the cells m normal sea water 
When the external hahde is greatly decreased, as m sea water A, 
we imght expect hahde to come out of the cell m exchange for incom 
mg nitrate Instead of this we see that hahde continued to enter 
Obviously then the ratio of hahde to mtrate m the sap could decrease 
only if mtrate entered relatively faster than in ordinary sea water 
This evidently took, place In ordinary sea water hahde entered 
38 tunes as fast as nitrate In sea water A the increase in concentra 
tion of hahde in the sap m 276 hours was 0 0313 u and of mtrate 0 0186 
It, givmg a ratio of 0 0313 — 0 0186 = 1 68, not very different 
from the ratio 1 75 found m the external -iolution We cannot make 
a more defimte statement unless we know the actual concentration 
gradients ‘ 

‘ If we assume for purposes of calculation, that cblonde enters as NsCl and 
mtiate as NaNOs we have the following concentration gradients at the start 
m sea water A (we assume, as m previous papers, that the relative rates oi entrance 
are proportional to the mwardly directed coucentration gradients m the non 
aqueous protoplasmic surface and that these rn turn are proportional to the 
difference m lomc products m the external solution and m the sap the subscripts 
o and I refer to outside and inside respectively), [Na,] [CUJ — (NaJ [Ch] - 0 5 (0 4) 
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It IS not surprising that the decrease of the ratio of halide to nitrate 
in the sap was gradual for if no halide conies out the decrease in ratio 
must be gradual when electrolytes enter as slowly as in this experi- 
ment In sea water A the ratio of halide to nitrate in the sap de 
creased from 38 to 18 5 in 276 hours 

The fact that the increase in nitrate concentration in the sap has 
not kept pace with that m the sea water has caused the ratio of m- 
trate in the sap to that in the sea water to fall off This ratio de- 
creases as the outside concentration of nitrate increases, and becomes 
less than unity in sea waters A, B, and C The question whether 
there is a relative change in the rates of entrance of nitrate and halide 
as the ratio of halide to nitrate in the sea water changes from 100 to 
1 75 cannot be satisfactorily settled Since the change of ratio in the 
sea water from 80,000 to 109 30 merely resulted in doubling the con- 
centration of nitrate in the sap a further change to 1 75 could scarcely 
affect the result very greatly during the time of the experiment The 
ratio of halide in sap to halide in sea water increased in all cases ex- 
cept in solution E, the greatest increase being in solution A, from 
1 05 to 1 59 

Thus we seem to have an induced halide accumulation greater than 
that found under normal conditions Since it is by no means cer- 
tam that the cell has settled down to a steady state a further in- 
crease of concentration may be possible 

We assume that the movement of substances through the non- 
aqueous surface layer of the protoplasm is chiefly in molecular form 
The following molecules are available for the transfer of chloride, 
NaCl, CaCls, MgClj, KCl, and HCl The gradient of chemical po- 
tentials of the first three is directed inward, and of the last two out- 
ward The net movement of chloride will depend on the flux of all 
these molecules 

On this basis it might be suggested that chloride enters the cell 
chiefly as NaCl ® If all the chloride has entered as NaCl, we should 

- 0 1 (0 6 ) = 0 1 iO and [Nad [NO 3 .] - [iNa.] [NO 3 .] = 0 5 (0 23) - 0 1 (0 016) 

= 0 113 Hence the concentration gradient of NaCl is about 25 per cent greater 
than that of NaNOa 

® As the sap and sea water contain much less magnesium and calcium than 
sodium, their role may be unimportant and the discussion will therefore be con 
fined to NaCl 
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expect to find as much, sodium as chloride m the sap But this is not 
necessary if sodium enters as NaCl and goes out m combination with 
another anion ’ 

In normal sea water the gradients of chemical potential of NaNOj, 
KNOa, and HNOj are directed outward The status of Mg(NOj)3 
and of Ca (NO»)j is not so clear If the average mtrate concentration 
of the sap is 0 016 u and that of the sea water is taken as 7 5 X I0"‘ 
u the concentration of magnesium in the sap would have to be only 
1 3 X 1(H M to make the gradient of chemical potential for Mg(NOi) 
zero To make the gradient of chemical potential of Ca(NOi)j zero 
the concentration of calcium m the sap would have to be shghtly less 
than 2 6 X lO-* M “ Accordmg to the results of Steward and Martm’ 
far more than the required amounts of calcium and magnesium are 
present m cells at Tortugas 

It might be assumed that hahde and mtrate enter by exchange with 
bicarbonate ion It is possible that when the concentration of elec- 
trolytes in the sea water is mcreased, the entrance of both potassium 
and sodium increases As a result the rate of exchange of bicarbonate 
ions for halide ions might mcrease, smce the entrance of the bases 
would mcrease the pH of the sap (particularly m the layer next to the 
protoplasm) and therefore the concentration of the bicarbonate ion 
Under these conditions it would be the concentration of the relatively 
scarce bicarbonate ion and not of the abundant hahde ion which would 
determme the rate of entrance of hahde But if the surface of the 
protoplasm is a non aqueous Uquid of low dielectric constant, as 
potential measurements suggest, the r61e played by lomc transport 
IS probably very small 

It IS evident that the mechamsm of accumulation of amons m these 
experiments needs further investigation 

1 This wiU be discussed m a later paper 

* These results are based on the analyses of sea water as given by Osterhout 
(Osterhout, W J V Ergehn Physiol , 1933, 36, 967) The assumption is made 
that the activity coe£6cient lor Ca is the same m the sap and sea water The 
same is true for magnesium and for mtrate Osterhout s sap analyses show much 
more than the required amount of calaum and a trace of magnesium which might 
easily be as much as 1 3 X 10"® u 

® Steward F C , and Martin J C Carnegie Institution of Washington Pub 
Ifo 475, 1937 87 
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SUMMARY 

When cells of Valoma macrophysa were placed in hypertonic sea 
water, the concentration of halide and of nitrate increased, and the 
sum of hahde + mtrate became 0 05 m greater mside than outside, 
which is about the same difference as is found in cells m normal sea 
water 

In ordmary sea water the ratio of hahde to mtrate is 80,000 to 1 
When this was changed by substitutmg nitrate for hahde so that the 
concentration of hahde was 1 75 times that of mtrate the rate of en- 
trance of hahde was 1 68 times that of nitrate in 276 hours and the 
ratio of hahde to mtrate m the sap decreased from 38 to 18 5 

No hahde came out in exchange for entering nitrate The reten- 
tion of chloride may well be due to the fact that even when the 
hahde concentration of the sea water is reduced as low as 0 4 m, 
there is stiU an inwardly directed activity gradient of sodium 
chloride 



EXCITATION OF NERVE FIBERS IN THE SQUID 
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In the nerves of the squid axons mth diameters up to neatly 1 nun 
provide a unique opportunity for the study of the excitation of so 
called non meduUated nerves Of speaal mterest is the opportumty 
to find out whether the excitation is the same m an isolated nerve 
fiber as when that fiber is sunounded by other fibers m a nerve trunk 
Exatation m smgle nerve fibers has been studied in meduUated 
nerve with the aid of pore electrodes (Grundfest, 1932, Sakamoto, 
1933), by stimulatmg so as to excite only the most exatable fiber m 
a group (Blair and Erlanger, 1936), and by the isolation of one nerve 
fiber (Kato, 1934) These studies have shown that the tune con- 
stants of exatation of single fibers in frog motor nerves are approxi 
mately the same as when a large group of fibers are stimulated It 
has not previously been possible, however, to measure the exatation 
properties of a given nerve fiber both isolated and mtact in a trunk 
The large fibers m the steUar nerves of the squid (Young, 1936 a 
and b, Bear, Schmitt, and Young, 1937), innervate the orcular mus- 
cle fibers of the mantle These nerve fibers range from 100 to 800 
micra m diameter A smgle condenser discharge, provided it is not 
too long or too strong, sets up a smgle unpulse m the giant nerve 
fiber, this impulse then causmg contraction of aU the muscle fibers 
reached by the axon (Young, 1938) There are also smaUer fibers 
(up to SO p m diameter) in the stellar nerves and some of these are 
motor axons to circular muscle fibers It is possible to dissect away 
the giant fiber completely from aU surrounding fibers and, smee its 

* The authors are indebted to John Z Young of Oxford University for assistance 
in making the preparations m many of the early experiments, also for helpful 
cntidsm of the manuscript 


781 



782 


EXCITATION IN SQUID NERVE FIBERS 


threshold is nearly always lower than that of the smaller fibers, it is 
also possible to stimulate it independently without isolation Since 
the tension produced through the smaller nerve fibers is at most only 
a very small fraction of that produced by the giant fiber, it is certain 
that when a large contraction of the muscle occurs the giant fiber has 
been stimulated When the giant fiber is stimulated repetitively the 
muscle shows no increase in tension as the frequency of stimulation 
increases above fusion frequency (Prosser and Young, 1937) 

For study of the excitabihty of smaller axons it is convenient to use 
the fin nerve, which contains fibers up to 50 yi, in diameter, the re- 
sponse to whose stimulation is a contraction of the muscles of the fin 

Preparations were made as described by Young (1938), the stellate ganglion 
and Its nerves being exposed by a median ventral cut through the mantle Of 
the ten or so stellar nerves the hindermost (“great stellar nerve”) is mucli the 
longest, and contains the largest giant fiber It is the most convenient to prepare 
and has been used in most of the following experiments, the smaller fibers in the 
more anterior nerves being studied occasionally for comparison The nerve was 
tied close to the ganglion, freed from surrounding tissues, and placed on elec- 
trodes The muscle and nerve were bathed with sea water Most of the experi- 
ments were at 22-23®C The muscle nerve preparation is not very viable and 
rarely remained in good condition for more than 20 minutes, as judged by con 
stancy of threshold and size of response 

In the majority of the experiments the stimulating electrodes were calomel 
cells These were made up with sea water and their ends dipped into paraffin 
tubes 6 cm long leading to troughs in which were strips of wood 0 5 mm in 
diameter The tubes and troughs in the paraffin chamber were filled with sea 
water The nerve lay across the edges of the sea water-soaked pieces of wood 
The D c resistance of the electrodes was 4000 ohms The resistance of 10 mm 
of isolated giant fiber was approximately 25,000 to 32,000, and of 2 mm was 
approximately 5000-10,000 ohms The resistance of the entire nerve was con- 
siderably less 

A few experiments were performed with chlorided silver wire electrodes, a 
few with chlorided sdver plates, and a very few w ith agar-sea w ater pore electrodes 
into which dipped coils of chlorided sdver wire 

Stimulation was by single condenser discharges The circuit used was similar 
to that of Hill (1934), but a hand switch was used in place of the commutator 
Either 50,000 or 100,000 ohms were in senes with the tissue, and this resistance 
was shunted by 500 to 10,000 ohms The time to discharge to 1/c of the charging 
potential was taken as the product of the condenser capacity and the shunt 
resistance (RC) ^ 

1 The authors are indebted to Dr D Y Solandt for the loan of some of the 
apparatus used m these experiments 
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Methods of Treating Experimental Data 

The data from many experiments were first plotted m the conven- 
tional manner of voltage (K) against duration (i?C) Chronaxie 
values (0 37 RC for K = 2 X rheobase) were obtamed directly from 
these strength duration curves 

A more useful method of plottmg, however, is that which has been 
extensively used by Hill, Rushton, and their assoaates, namely 
log V (or E) against log RC Hill has shoivn (1936) that many data 
when plotted m this way fall along a curve described by the equation 

I 

sc 

E /RC\ * ' 

In the bi log plots of Figs 1 to 7, the Une drawn in is the plot of this 
equation, the pomts were obtamed experimentally It will be seen 
from these figures that the fit is fairly good, m general it is better for 
the giant fibers intact m the great stellar nerve than when isolated 
(eg Fig 2) Characteristic times (Hill’s K values) were read di 
rectly from these log log curves as the pomt where the slope of the 
tangent is — J These points are mdicated by arrows in the plots 
Blair has developed an equation which is similar to Hill’s (Blair, 
1935) It has the advantage of bemg tested by fit to a straight hne 
E E 

by plottmg log RC — against log RC + log — A number of our ex 
Ea Ec 

penments were tested by this method of plottmg, e g , Figs 1 and 7 
The fit 13 fair m many of them for durations shorter than chronaxie 
Blair’s K is obtamed from the slope and mtercept 
Crozier (1937) has shown that probabihty considerations may apply 
to the strength duration relation He has apphed the probabihty 
mtegral by plottmg the exatability as a percentage of a saturation 
Ea 

value, tc , 100 X against log RC When plotted on probabihty 

paper a straight hne should result if the probability mtegral apphes 
Data from a number of these experiments have been plotted m this 
way, e g , Figs 1, 2, and 7 The fit is as good as with the equations 
of Hill and Blair The SO per cent pomt, inflection pomt, or mode, 
and the slope give constants which are comparable to time constants 
derived by other means 
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It is clear from the figures of this paper and from many others 
which have been constructed that each of these three expressions 
descnbes the strength-duration curves extremely well It is not the 
purpose of this paper, nor is it possible from these data, to deade 
whether any one of these equations fits the data better than the 
others In any case aU of these formulations are based upon the 
same general type of assumptions about the process of excitation 
The mere fit of a given equation does not tell much about the mech- 
amsm of excitation and the value of each of these equations will 
come only msofar as experimentally testable physical me anin g is 
given to them 

A few measurements of ^^accommodation” m the giant fiber have 
been made by Miss M H Himtmgton accordmg to the method of 
Solandt (1936) These show that accommodation is slow m this 
fiber and lambda values of 200-400 msec were obtamed 

Effect of Other Fibers tn a Nerve Trunk upon the Excitation of One 

Nerve Fiber 

Strength-duration curves were obtamed from the excitation of the 
giant fiber mtact m the great stellar nerve m nme preparations 
Calomel electrodes making contact through pieces of wood 10 to 15 
mm apart were used The charactenstic times (Hill’s K, or point 
where slope is — ^ on bi-log plot) range from 0 33 to 0 46 and average 
0 42 msec In fifteen preparations the giant fibers were isolated for 
approximately 2 cm The piece of wood at the cathode made con- 
tact with the proximal portion of this isolated fiber In some ex- 
periments the anode also was on the giant fiber only, in others it made 
contact with the entire distal end of the cut nerve One of these ex- 
periments with an isolated giant fiber is presented m Fig 1 With 
electrode separations of 10 to 15 mm the characteristic times of the=e 
isolated fibers ranged from 0 33 to 0 60 msec and averaged 0 47 
These experiments show that the excitation time constants char- 
acteristic times, chronaxies, Blair’s K, and other similar constants^ 
are essentially the same whether the fibers are mtact in the nerve 
trunk or are isolated 

Fig 2 gives the results of one of the experiments m which a strength- 
duration curve was obtained before and after isolation of a single 
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giant fiber This figure and the (Jurvcs of other similar experiments 
show that the effect of the other nerve fibers and surrounding pen- 


LOB RC * LOG ^ 



LOG nc 

Fig 1 Strength-duration curve (arcles) of an isolated giant fiber Calomel 
electrodes electrode separation 13 mm Solid curve — plot of HiU s theoretical 
equation, points obtained experimentally Arrow gives HUls K value I^wer 
straight line (squares) — probabiUty plot of same data by Crozier’s method ordi 
nates at extreme nght Upper straight line (tnangles)— plot of same data 
according to Blair’s equation, umts on upper abscissae and inner nght ordinates 

neunum upon the exatation of one fiber is to raise the entire 
strength duration curve vertically The time constantf^ rpmam 
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essentially the same The same elevation of the curve can be ob- 
tamed by la)ang a thread soaked with sea water along the isolated 
nerve fiber When plotted according to the probabihty relation of 
Crozier, the points from the data of the isolated fiber fall along the 
same fine as those from the fiber intact m the nerve trunk (Fig 2) 



Fig 2 Strength-duration curve of same giant fiber when isolated (open circles) 
and when mtact m great stellar nerve (sohd circles) Straight line — probability 
plot of same data, sohd squares — fiber intact in nerve, open squares — isolated 
fiber Electrode separation 13 mm Calomel electrodes 

This is understandable if the excitabihty as plotted m the log prob- 
abihty relationship does not change Furthermore, since the re- 
sistance of the isolated fiber is higher than that of the whole trunk, 
the effect of the other fibers must be that of a shunt rather than to 
keep the current flowing through the preparation constant 

We conclude that the other fibers m a nerve, when the most sen- 
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sitive fiber is being stimulated at threshold, tend to shunt the stunu- 
latmg current and thus to raise the voltage necessary to excite at any 
given duration It is reasonable to assume that this holds for all 
fibers whether large or small These experiments prove conclusively, 
therefore, that the shape of the strength duration curve and the tune 
constants of a given fiber or group of fibers m a nerve trunk are the 
same as if that fiber or those fibers were isolated The position of the 
strength-duration curve on the voltage axis is, however, higher for 
the nerve trunk 

Effect of Deteriarahon of the Preparalion 

The exposed giant fiber and mantle is very sensitive to fatigue and 
to external conditions This makes the preparation a very poor one 
tor extended experiments In fact it is often difficult to obtam 
sufficient pomts for a satisfactory curve It has been found from 
action cunent recordmg (Young and Harthne, pnvate co mm un i ca- 
tion) that the nerve often lasts much longer than the muscle The 
muscular response may gradually weaken before disappeanng More 
often it ceases very abruptly, m such cases we beheve that the neuro- 
muscular junctions have broken down In some few experiments the 
nerve showed a decrease m its exatabihty durmg a few mmutes pre 
cedmg the cessation of the response One such expenment is shown 
in Fig 3 One curve is drawn through the pomts taken early m the 
experiment and the same curve is shifted to fit the pomts obtamed 
later The numbers give the order m which pomts were obtamed 
This experiment shows that with deterioration the entire curve is 
shifted diagonally upward and to the left with the result that the 
exatation time constants are shortened In this experiment the K 
value m the fresh preparation is 0 58 msec , while when aged it is 0 47 
msec In the probabihty plots the slope is less steep as deterioration 
proceeds 

Effect of Interelectrode DistatKe 

Fig 4 shows strength duration curves for an isolated giant fiber at 
electrode separations of 9 5 and 1 5 mm Fig 5 gives similar data 
for a fiber mtact in the stellar nerve The effect shown by these and 
other experiments is that as the mterelectrode distance IQ 
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the entire strength-duration curve is shifted diagonaUy upward and 
to the left The excitation constants (chronaxie, characteristic 
time, etc ) are shortened as a result This effect has been observed 
by numerous mvestigators working with nerve trunks 



Fig 3 Strength-duration curve of isolated giant fiber during deterioration 
Numbers on pomts mdicate order m which they were obtained Srune curve 
moved to fit early and late data Note shift of K value Calomel electrodes, 
mterelectrode distance 13 mm 

The charactenstic tunes m intact trunks with electrode separations 
of 12-15 mm ranged from 0 40 to 0 46 and averaged 043 msec, 
while at 2-3 5 mm m the same preparations they averaged 0 33 msec 
(range 0 24-0 41) Similarly m four expemnents on isolated giant 
fibers with mterelectrode distances of 10-15 mm the charactenstic 
times averaged 0 51 msec (range 0 46-0 58 ) while the same isolated 
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fibers with the same electrodes 3 mm apart showed charactenstic 
times averaging 0 38 msec (range 0 16-0 42) 

On the probability plots the curves with greater electrode separa- 
tions have a lower slope and higher midpoint or modal value than 



Fig 4 Effect of electrode separation upon strength-duration curve of an 
isolated giant fiber Lower curve (open ardes) interelectrode distance 9 5 mm, 
upper curve (dosed aides) electrode separation 1 5 mm Curve of Hill’s equation 
shifted to fit both sets of data 


those with electrodes close together This higher value with greater 

electrode separations for the point where — = 50 per cent was pre 

dieted by Crozier (1937) on the basis of making avadable a larger 
population of excitable elements 
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Ejject of Electrode Stze 

The relation between electrode size and excitation time was inves- 
tigated in the experiments in which silver-silver chloride electrodes 
were used Data on the giant fibers obtained with silver wire elec- 
trodes 0 6 mm in diameter and pore electrodes less than 0 1 mm in 
diameter gave similar results, the fibers tested being 0 2 to 0 7 mm 



Fig 5 Effect of electrode separation upon strength duration curve of a giant 
fiber intact in great stellar nerve Lower curve (open circles) electrode separation 
15 mm, upper curve (closed circles) electrode separation 3 mm Note shift of 
Hill’s K value as indicated by arrows 

m diameter The characteristic times with wires arc 0 13 to 0 70 
and with pore electrodes 0 34 to 0 66 msec This shows that the 
wire electrodes acted as small electrodes for these huge fibers Only 
when larger chlorided silver plate electrodes 7 mm in diameter we’re 
used did longer excitation times appear With the plates character- 
istic times ranged from 0 45 to 1 2 msec The ranges of character- 
istic times with the large and small electrodes overlap considerably 
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and the results are less dependable than in the expenments in which 
calomel electrodes were used 

Effect oj Fiber Dtamctcr 

The fibers of the fin nerves are very much smaller in diameter than 
the giant fibers, and range from 1 to 50 micra m diameter They 



Fig 6 Strength duration curves of one fin nerve Calomel electrodes Lower 
curve (open arcles) — interelectrode distance 12 5 mm Upper curve (closed 
circles) electrode separation 3 nun Solid lines— plots ot Hills equation K 
values indicated by arrows 

yield consistently longer time constants than do the giant fibers 
Fig 6 shows strength duration curves (or low threshold fibers of one 
fin nerve with calomel electrodes at 12 5 and 3 0 mm separation 
The characteristic tunes are 1 2 and 0 77 msec respectively Fig 7 
IS a curve obtamed with chlonded sdver wire electrodes 3 mm apart 
In a senes of expenments with silver silver chlonde electrodes the 
characteristic times ranged between 0 92 and 2 4 msec These values 
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are two to five times longer than with the giant fibers The vari- 
ability of the data from the fin nerves is greater than with the giant 
fiberb because the end-pomt of the contraction is not so sharp, but 
all of the excitation curves he well to the right of those for the giant 
fibers Rosenberg (1935) obtamed similar values (1 4 msec ) for the 
characteristic time in the fin nerve of Septa which contains fibers up 
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LOG RC 


Fig 7 Strength-duration curve of low threshold fibers in fin nerve Chlonded 
silver wire electrodes Curve is plot of Hill’s theoretical equation Lower 
straight line (squares) — probability plot, ordinates at extreme nght Upper 
straight line (triangles) — plot of Blair’s equation, abscissae at top, orduiates 
inside at nght 

to 35 ju in diameter (Young, 1936 c), and Bugnard and Hill (1935), 
using the same nerve, obtained values of 2 5 msec when electrodes 
were separated by 1 5 mm and of 4 msec when they were separated 
by 20 mm 

“Subordination” 

There is no mdication of any “subordination” effect In a series 
of fourteen experiments m which chlonded silver wire electrodes were 
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used, the chronaxies for the uncut giant fibers of the stellar nerves 
were between 0 05 and 0 37 and for the cut ones between 0 05 and 
0 12 msec Chronaxies for uncut fin nerves fell between 0 28 and 
0 59 msec and for cut ones between 0 43 and 0 56 msec, (except 1) 
However, the ganglia of the squid arc highly sensitive to oxygen lack 
and it cannot be assumed that under the conditions of these experi- 
ments the cell bodies were m a normal condition It is not clear what 
factors are responsible for the discrepancy between the results here 
obtamed and those of Lapicque (1929) who found chronaxies of 2-3 
msec m the great stellar nerve of Lohgo 

SUMKARY AND CONCLDSIONS 

1 Strength duration data for the giant fiber of the great stellar 
nerve of the squid {Loligo pcalit) can be approximately descnbed by 
several mathematical formulations 

2 Excitation time constants for isolated giant fibers are essentially 
the same as constants of the giant fibers m the mtact nerve 

3 The strength duration curves of the fibers in the mtact nerve 
he higher on the voltage axis than those of the isolated fibers It 
IS concluded that the pnnapal effect of other fibers upon the exata 
tion of one fiber m a nerve trunk is that of shuntmg the stunulatmg 
current 

4 Deterioration of the nerve shifts the curve upward and to the 
left, resultmg in shorter time constants 

5 Decreasmg mterdectrode distance also shifts the curve upward 
and to the left 

6 Excitation time constants of the giant fibers are larger with 
plate electrodes than with wire or pore electrodes 

7 The strength duration curves of the smaller fin nerve fibers he 
consistently to the right of, and the tune constants are longer than 
those of the giant fibers 
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1 

INTHODDCnON 

Three photolabile retinal pigments are now known rhodopsm, 
porphyropsm, the visual purple of fresh water fishes (Kdttgen and 
Abelsdorff, 1896, Wald, 1937 b ) , and lodopsin, a pigment of the cones 
(Wald, 1937 e) 

In the experiments to be desenbed, solutions of rhodopsm have 
been examined from four speaes of manne fish — the sea robm, Pri 
onalus carchnus, sea bass, Centrofnstes stnalus, scup, Stetwtomus 
citrysops, and kilhfish, Ftmdulus heUroditus, two speaes of frog — 
Rana piptens and calesbtana, rabbits and rats 

It has already been shown in all of these animals but Fundului 
that rhodopsm partiapates m a retmal cycle which mcludes the caro 
tenoids retmene and vitamm A (Wald, 1935-36, 1936-37, unpub 
hshed observations on mammals) The porphyropsm system is based 
upon other carotenoids, probably the same is also true of lodopsm 
The assoaation with retmene and vitamm A is therefore a specific 
characteristic of the rhodopsm system 

The spectrum of rhodopsm is equally charactenstic A represent- 
ative collection of spectra of rhodopsm preparations from vanous 
animals, and for comparison a typical porphyropsm spectrum, are 
shown m Fig 1 It is clear that the rhodopsm spectra form a distmct 
and homogeneous group with a smgle broad maximum at 500 ±2 mp ‘ 

* This research has been aided m part by a grant from the Milton Fund of 
Harvard Umversity A short account of the expemnents has appeared in JVature 
(1937 o) 

‘Baybss, Lythgoe and Tansley (1936) have reported that preparations of 
visual purple from a number of manne fishes possess spectra intermediate between 
those of rhodopsm and porphyropsm The significance of these observations is 
795 
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Rhodopsm therefore is clearly characterized chemically and spec- 
troscopically and may be treated as a chemical mdividual ivithout 
special reference to its source 

Kuhne^ descnbed the bleaching of rhodopsm m solution as a wholly photo- 
chemical transformation m two stages (1) the formation of a yellow product 
with mcreased absorption in the violet, and (2) the slow fadmg of this product 
on prolonged irradiation to a final condition “colorless, hke water ” The second 
process appears to be a co mm on photo-oxidation It is independent of the first 
reaction, probably possesses no significance for the retmal cycle, and is disre- 
garded m the present paper 

The denial of the first of these stages by Kottgen and Abelsdorff and by 
Trendelenburg (1904) led to an extended theoretical excursion If, as these 
authors beheved, rhodopsm bleaches directly to colorless products, the final 
absorption of a bleached preparation may be assumed due to impurities present 
m the ongmal solution The difiFerence between this residual absorption and the 
spectrum of the unbleached preparation should constitute the absorption spectrum 
of pure rhodopsm Such “difference spectra” were found to agree m form with 
the sensitivity to monochromatic hghts of rhodopsm solutions (Trendelenburg) 
and of rod vision (Komg, 1894, Trendelenburg, 1904, Hecht and Williams, 
1922-23) 

The assertion that rhodopsm bleaches to colorless products rested on wholly 
inadequate evidence Garten (1906) and more recently Hosoya and Bayerl 
(1933),^ have entirely confirmed Kuhne’s descnption As Garten indicated, 
Kottgen and Abelsdorff's own results contam abundant evidence of the formation 
of yeUow products m bleachmg Their conclusion to the contrary seems to have 


not clear to me Unfortunately the authors measured, not the direct absorption 
spectra, but differences m absorption between unbleached and bleached solutions 
This may at least m part account for their results It is noteworthy that one of 
their fishes show mg apparently t3q)ical porphyropsin behavior is a gurnard, 
Trigla hirtiiido, our closely related Amencan gurnard, Prionolics, possesses a typical 
rhodopsm system I have suggested the possibihty that the English preparations 
contained mixtures of rhodopsm and porphyropsm (Wald, 1937 b), but this is 
excluded m the present experiments by the carotenoid extraction data, which 
show the presence of vitamm A and retmene alone (Wald, 1936-37) 

- Kuhne, 1878, p 49, 1879, p 269 

^ It IS noteworthy that these authors “neigen — der schon von Kottgen un 
Abelsdorff geauszerten ileinung zu, dass es sich bei dieser Ausbleichung mcht 
um die Entstehung ernes neuen Farbstoffes handelt, sondem ledighch um das 
Verschwmden des roten Farbstoffes, em Vorgang der nach unserer Memung gut 
durch erne un Licht stattfindende physikahsch-chemische Veranderung, z B eine 
Dispersitats-Anderung des Sehpurpurs erklart w erden harm ” 
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been influenced b> two attractive considerations (1) the possibiht> of deriving 
by simple spectropholomLtnc manipulation pure ' absorption spectra from 
impure preparations and (2) the clo'?e correspondence between such difference 
spectra and human rod visibility For a long penod this comparison constituted 
the only direct evidence that rhodopsm is a ^’isual pigment 

It IS now clear that under all known conditions the bleaching of rhodopsm 
yields colored products (Lythgoe 1937 Wald I937u) Difference spectra 
therefore though on occasion useful for descriptive purpo5e^ possess no physical 
meaning The absorption spectrum of pure rhodopsm is still unknown 

RecentK the belief that rhodopsm bleaching is exclusively photochemical 
has been questioned duo to the discovery that following irradiation, dried gelatin 
hlms of rhodopsm (Weigert and Vakashima 1930) and aqueous solutions (Hosoy a 
1933) continue to fade m darkness 

The present rcaearch is concerned with the course of bleaching of 
rhodopsm in aqueous solution, the contnbution to it of thermal 
(“dark”) processes its products and the form and significance of the 
rhodopsm absorption spectrum 


n 

Methods 

Rhodopsm solutions were prepared bv leeching retinas of dark adapted animals 
for various periods at room temperatures with a 2 per cent aqueous solution of 
crystalline digitomn (Tansley 1931) Special care was taken during the dissec 
tion of the tissues to remove all apparent traces of choroid and pigment epithelium 
Two general methods of preparation were employed 

1 Retinas were dropped directlv or after prelunmarv soaking m 5 to 10 per 
cent salt solutions into digitonm The mixture was left in darkness for several 
hours with no other disturbance than occasional gentle rotation and was then 
centrifuged These preparations were shghtly opalescent and displayed reason 
ably constant properties the most speafic of which was an extinction at 400 rap 
about 0 5 to 0 6 of that at the maximum 

2 Directly foUowmg dissection retinas were dropped into 4 per cent aluminum 
potassium sulfate (alum) solution and left to harden for 3 hours or longer The 
mixture was centrifuged the alum solution poured off and the tissues washed 
twice m distilled water then twice more m buffer mixtures to brmg to the desired 
pH Finally thev were ground with a glass rod in digitomn solution let stand 
for several hours and centrifuged These preparations appeared to be perfectly 
clear and were distinguished bv extinctions at 400 nip onlv 0 32 to 0 35 of those 
at the maximum 

Spectra were measured at the Color Alcdsurements Laboratory 
A C Hardv at the Mas achusetts Institute of Technologv with 
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pbotoelectnc spectrophotometer (Hard> 1935) The spectra shown m Figs 2 
3 and 5-8 ^\e^c drawn b> the instrument itself This machine m addition to 
complete objectivity m performance possesses two special advantages for the 
present research (1) it is extraordinarily rapid The spectrum from 400 to 
700 mji IS recorded within about 2 minutes (2) It is economical of light Since 
the spectrum is di«ipersed at the source only the narrow wave length band the 
absorption of which is being measured passes through the test solution This 
causes no distinguishable bleaching of rhodopsm during the measurement of an 
entire absorption spectrum indeed the "spectrum may be retraced completely 
without perceptible change in absorption With respect to the preparation 
therefore, the period of measurement is equivalent to a period m darkness 
The general procedure m bleaching expenmcnis was to measure the spectrum 
of the rhodopsm preparation then irradiate it m position in the spectrophotometer 
and re measure its spectra thereafter periodicaliv without otherwise disturbing it 
■Ml of the spectra recorded in the following pages show the differences m absorp 
tion between test solutions and equal depths of pure solvent The absorption is 
expressed cither as a percentage of the incident radiation or as extinction or 
optical density log/// in which / is the incident and / the transmitted intensity 
The latter quantity is directly proportional to the concentration and to the depth 
of absorbent 


III 

The Bleaching of Rhodopsm 

Rhodopsm bleaches m a succession of light and “dark” — photic 
and thermal — reactions * The velocity of the light component de- 
pends principally on the intensity of irradiation, that of the dark 
component on the temperature In dim light the light reaction may 
be so slow as to limit the speed of the entire transformation In this 
case which charactenzes almost all earlier studies of bleaching, the 
contnbution of dark processes is obscured and usually overlooked 
In the present experiments lights were used sufficiently bnght to com 
plete the photoprocess within a few seconds Following such ex 
posure the isolated dark reactions may be examined through a long 
succeeding interval 

The course of bleaching m neutral solutions of bullfrog rhodopsm 
IS shown in Figs 2 and 3 It possesses the following components 

PhoioprocGss — The first recorded product of irradiation is an 

* Throughout this paper reactions are characterized as light or dark’ 
synonymously with the more accurate terms photic and thermal Dark reac 
tions of course proceed equally well in light or darkness 
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orange-colored pigment, the spectrum ot which is shown in curves b 
It possesses a broad absorption hump at about 480 mytt, and higher 
absorption than rhodopsin itself below 430 to 440 m/i The change 
in extinction due to the photoprocess, revealed b} subtracting 
curve b from a, may be plotted as a “difference spectrum ” This 



Fig 2 Bleaching of neutral rhodopsin Extract of 6 bullfrog retinas m 
3 8 cc of 1 per cent digitonin solution buffered at pH 6 9 Spectra of a 1 cm 
la>er recorded at 25 3°C , 6 hours after the beginning of extraction Ihe un- 
bleached solution (a) \\as exposed for 25 seconds to 700 foot-candles and spectra 
recorded penodicallv thereafter in the dark 5 at 1 5 minutes, c at 4 5, </ at / a, 
e at 10 5,/ at 15 0, g at 32 3, and h at 59 5 minutes from the beginning of irradia 
tion At 61 minutes the solution nas re-irradiated for 40 seconds, its spectrum 
lell to i Alter a further 22 minutes in darkness it had risen to^ (broken line), 
and on a third irradiation for 40 seconds dropped to k The spectrum ot the 
benzine-soluble portion ot the final bleached residue m 3 8 cc of a mixture ot 
1 part methanol and 2 8 parts digitonin solution, buffered at pH 6 9, is shown in 
curve I 


has been done vith the data of Fig 3B, the result is shown in I ig I 
(open circles) The tall in extinction due to light is maximal at about 
510 m/i and is accompanied b\ a rise at 400 m/t which ma\ be almost 
I qualh great 

Hosoxa (1933 Hosoxa and Baxerl 1933, Hosoxa and Saito, 1935) 


GEORGE WALD 


SOI 


has reported that on irradiation of rhodopsin the absorption rises 
also m the red, above 600-620 mju This phenomenon has never 
appeared in the present experiments 
Dark Process I — This is shown in Fig 2 curves b to c The e\ 



of 7 bullfrog retinas in 7 6 cc of I per cent digilonm solution buffered at pH 6 9 
Half of this preparation was measured 4 hours after extraction was begun (A) 
the remainder one w eeh later (B) Dunng the storage period of B a small amount 
of colorless material came out of solution and was centrifuged off Spectra of a 
1 cm la>er of the unbleached solutions arc shown in curves a After ^ minute 
exposure to 700 foot candles epectra were measured periodically in darkness 
curves i> at 1 2 minutes c at 3 2 and 3 7 d at 7 2 and 8 e at 13 8 and 15 7 and / 
at 32 2 and 32 8 minutes (when two times are stated the first refers to A) At 
35 minutes the preparations were re irradiated as before for 40 seconds and 
their spectra recorded (g 37 minutes) At 38 5 minutes the> were exposed for 
a third time and yielded curves A (40 minutes) Temperatures A 29 3 C 
B 26 0 C Curves t show the "Spectra of the benzine soluble portions of the 
bleached residues each m 3 8 cc of a mixture of 1 part methanol and 2 part* 
digitonin solution buffered at pH 6 9 
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tinction ris€5 rapidh in darknc=s bct/.cen about 420 and 500 m/i 
ma'-imalb at about 44tJ mii and lalls to either side of this region 
This component is most prominent in the fileaching of acidic rhodop- 
sin It has not been detected at all in alkaline solutions, and oi ten 
15 missing irom neutral preparations as m Fig 3 When present it 
appears equaib pirominenth in all samples of a preparation and ap- 
parent!: 1 = unaffected b: aging of the solution I believe this to be 
a normal wmponent of the bleaching of neutral rhodopsin and that 
it 15 missed in =/jme preparations onh because, for unkno/.n reasfins 
It passes too s/.ifth to be recorded 

Dark Process II — This is sho/.n isolated in Fig 3B, curves b ioj 
The e<tinction tails slo.'.h bet”.een about 435 and 600 m/i, ma-omalh 
at about 480 m/a and nses simultaneous!) belov. about 435 m/i 
Ihe solution changes in color from orange to vellov., as the initial 
photoproduct ma,nmum at 480 m/i is entire!) obliterated 'I he dif- 
lerence spectrum of this change, obtained by subtracting curve t 
irom b in Fig 3B, is shown in Fig 4 (closed circles) It resembles 
closel) that due to the photoprocess except for the shut of maeimum 
irom about 510 to about 480 m/e This dark process is an invariable 
component oi the bleaching oi neutral rhodopsin In Fig 3B it ac- 
counts lor 10 per cent of the total fall in extinction from curves a to 
/ at 500 m/x and 26 per cent of that at 480 m/t 

Dark Process III — Hoso) a (1933) discovered a slow, general lall 
in the entire speetrum of bleached products of rhodopsin following 
prolonged lo v mtensit) irradiation I find that this phenomenon ap- 
pears clearlv onlv m fresh neutral preparations It is prominent in 
Figs 2 and 3 A recorded vithin several hours follovong eetraction, 
but has •' anished complete!: after a .veek of storage (Fig 3lij 
4 his component is not prominent even in iresh solutions from retinas 
pre-treated ”.ith alum or at pH’s below 5 

A difference spectrum sho'ving the changes in eetinction due to the 
combination of this process with dark comfxment II is obtained b' 
subtracting curve / from b m Tig 3 A Ihis is sho vn in Fig 4 fhall- 
rilied arcles/ 4 he fall in extinction is maximal at about 480 m/x, 
and no further rise occurs at 400 m/t 

Conlribulioii oj Dark Processes to Bleaching — the total fall m 
ectinction from eur cs a to f in Fig 3 A 31 per cent at oW m/t and 
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42 per cent at 480 are due to dark processes The corresponding 
values from Fig 2 arc 40 and 52 per cent In a rhodopsm prepara 
tion which had been exposed to the 0 02-0 04 second flash of a mag 
nesium foil lamp (Photofiash No 20) the fall in extinction at 500 mp 
during a subsequent 1 2 to 98 minutes m darkness was 48 per cent of 



Fig 4 Difference spectra of rhodopsm from the data of Fig 3 Open 
circles show changes in extinction due to the photoprocess (Fig 3 B a-b) Half 
closed circles show those due to thermal proce&ses in fresh solutions (Fig 3 A 
b~f), closed circles those due to the thermal process m aged solutions (Fig 3 B 
b-f) To make these curves conveniently comparable the ordmates of the second 
function have been multiplied throughout by 2 those of the third b> 4 Bleach 
mg due to light is maximal at about SIO rofi that due to thermal reactions at 
about 480 mu 

the total (22 4°C ) The contribution of dark processes to bleaching 
actually rises above an> of these estimates, since it includes changes 
which occur before the first and following the final measurement, and 
some correction for whatever regeneration of rhodopsm may have oc 
curred in the dark period It md) be concluded that in the bleaching 
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This IS clearly analogous to thermal component I of bleaching in 
neutral solution In acid solution it appears invariably and veri' 
prominently, and its velocity is greatly retarded 

This process vs followed by a slow, regular fall m absorption, max- 
imal at 460 mp ,with simultaneous rise below about 416 mju This is 
the acidic analogue of thermal component II in neutral solution, at 



Fig 6 Acidic rhodopsin, alum preparation 6 bullfrog retinas soaked in 5 per 
cent alum for 3 dais at 5°C Washed with water, soaked in 10 per cent saline 
for 3 hours, then ground in 3 8 cc of digitonin solution The pH of the extract, 
measured before and after bleaching, remained constant at 3 9 Ihe preparation 
had been at this pH a total of 6 days Spectra of a 10 mm layer are shown 
The unbleached solution (a) was exposed to 700 foot-candles for 30 seconds, and 
spectra recorded in darkness, 6 at 1 3 minutes, c at 3 8, </ at 8 2, e at 13 (retraces c 
/ at 34 3 minutes from the beginning of irradiation (25 9°C ) Final solution 
left m darkness for 28 hours longer (g) 

pH 5 it IS shifted about 20 mjjL toward shorter wave lengths, and has 
ceased to be the most prominent dark factor in bleaching ^ 

At higher acidities the peculiarities of Fig 5 arc accentuated Ihe 

bleaching of rhodopsin at pH 3 9 is shown in Fig 6 The uutia 
photoproduct (6) possesses a distinct maximum at about 44 1 m/i 
During the first S to 10 minutes in darkness this rises rapidlv , ima \ 
assuming a quite s\ mmetrical lorm (c-c) Simuitaneoudi the photo- 
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complete and not simply retarded m some intermediate condition, 
this solution was rapidly neutralized with a prepared quantity of 
monopotassium phosphate, and its spectrum remeasured within 4 
minutes following neutralization (d), and again 9 minutes later (c), 
all in darkness A very small fall in absorption at about 480 mg and 
rise below about 450 mg occurred from curves d to e, but these changes 
are almost negligible compared mth those occurring m a comparable 
period m neutral solution One may conclude that at pH 11 thermal 
components of bleaching are almost complete within 1 minute follow- 
ing short exposure to light 

In several bleaching experiments with rhodopsin at pH about 9, 
the thermal fall in extinction in the region of 480 mg with simulta- 
neous rise at 400 mg characteristic of neutral solutions (dark process 
II) was found to be still prominent, though greatly increased m speed 
We may assume that at pH 11 the normal sequence of changes during 
bleaching is unaltered, but that due to their very high velocity, in- 
termediate stages are not recorded 

Recapitulation 

Four components have been distinguished m the bleaching of rho- 
dopsin solutions 

1 Photic reaction In neutral solution the absorption falls ma\- 
imally at about 510 mg, simultaneously rising below a node at about 
430-440 mg In alkaline solutions the node is displaced toward 410 
mg, in acidic solutions toward 470 mg 

2 Thermal component I In neutral solution the absorption rises 
maximally at about 440 mg, simultaneously decreasing to either side 
of nodes at about 420 and 495 mg Above pH 7 this component has 
not yet been recorded With increase in acidity it grows increasingly 
prominent, its velocity falls sharply, and the nodes are displaced 
toward shorter wave lengths 

3 Thermal component II In neutral solutions the absorption 
falls maximal!} at about 480 mg, and rises below a node at about 43o 
mg This process is recorded at pH’s 9 and below Its velocite 
decreases markedly with increase in acidit} , simultaneously the region 
of maximal bleaching and the node are displaced toward shorter wave 
lengths 
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4 Ihermal component III The absorption of the bleached pro 
ducts decreases throughout the spectrum This change appears 
prominently only ui fresh neutral preparations 

Within this succession of photic and thermal reactions, the latter 
account for about half the total fall in cttinction at 500 mp Bleach 
mg as a whole mae be regarded as a slow explosion, touched off by an 
appropriate quaiititj of light in as short a period as desired, and pro 
ceeding to completion on internal energ\ reserves during a long sub 
sequent interval 

Though the spectrum of rhodopsm itself is unaffected by pH 
changes the spectra of all stages of bleaching are highly pH labile 
Rhodopsm apparenth does not possess an acidic or basic grouping in 
close association with its chromophore but such a grouping is ex 
posed as a hrst result of irradiation (c/ Lvthgoe, 1937) The effects 
of pH change on the absorption spectra of bleached products ate in 
some cases large and peculiar probably because the\ involve com 
plicated mixtures of pigments 


IV 

Final Products of Bleaching 

The final yellow product of bleaching of rhodopsm m solution owes 
Its color to a benzine soluble pigment most of which is attached 
loosely to protein It is extracted by the following procedure 
To the yellow bleached residue an equal volume of acetone or 
alcohol IS added to precipitate proteins On centrifuging most of 
the yellow color descends with the precipitate The precipitate is 
shaken with benzme' contaming about 1 per cent ethanol, the solu 
tion separately with benzine All color enters the benzine extracts 
The benzine extract is faint greenish yellow in color Partitioned 
between benzine and 90 per cent methanol, either before or after 
sapomfication about three fourths the pigment seeks the benzme layer 
(epiphasic) In chloroform its absorption nses regularly throughout 
the visible spectrum and possesses a small inflection at the edge of 
the ultraviolet which develops into a broad maximum at about 
385 mp Tested in chloroform solution with saturated antimony 


^ Petrol ether boiling range oO to 60 C 
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trichloride, it yields a deep blue color due to a sharp band at 664 m^u 
These properties identify it as retinene (Wald 1935-36) 

Retinene has so far been examined onl\ in impure condition It is impossible, 
therefore, to be certain that am two properties ot its solutions are due to a single 
substance I have defined retinene specihcallv bj the antimonv trichloride 
band at 664 m/x, one mav assume tentati\el\ that other properties which in- 
variably and proportionateh accompanv this one are due to retinene The 
vellow’ color is such a propert\ In a serie'> ot retinene preparations obtained at 
various times and by various procedures the densities of the \ellow color and 
of the antimonx trichloride band have been measured with a Pulfrich photometer 
(Zeiss) These quantities are directh proportional to each other If a solution 
in chloroform possesses a densit\ of 1 0 measured with the S43 filter in a la\er 
1 cm in depth, then 0 3 cc of it mixed with 3 cc ol antimon\ chloride reagent 
possesses an immediate extinction with the S66 6 filter ot about 0 4 m a 1 cm 
layer This is true of extracts of retinas and of bleached rhodopsin solutions 
before and after saponification, and of all fractions ol the extracts in partition 
between benzine and 90 per cent methanol 

It is show’n below that a third properta , change in color with pH, accompanies 
these solutions I see no better alternative at present than to ascribe this also 
to retinene It is an unusual property in a carotenoid, and therefore particularh 
interesting that it is exhibited also, though less markedly, bv the tetra-keto /3 
carotene, astacene I find astacene in acidic methanol solution to be deep orange 
red in color, and to shift in hue markedly toward j'ellow in alkaline solution 
Spectrophotometric measurements show this change to be due to a displacement 
of the entire spectrum 4 to 8 m^i toward shorter w'ave lengths The long wave 
length limb of the astacene absorption band — comparable with the portion of the 
retinene spectrum measured in the present experiments — changes with pH as 
does retinene itself 

In the intact retina, retinene is converted quantitatively to vitamin 
A, characterized by an antimon> trichloride band at about 615 m^ 
(Wald, 1935-36) This process occurs only slightly if at all m rho- 
dopsin solutions The antimony trichloride test with extracts of 
bleached solutions does possess a small hump at about 615 m/i super- 
imposed on the high 664 m/i retinene band I his, however, has ap- 
peared heretofore in all retinene tests, and even if due whollj or m 
part to vitamin A is still no higher than occurs in extracts of dark 
adapted retinas (Wald, 1935-36) There is no present evidence that 
Mtamin A is formed m the bleaching of rhodopsin solutions 

The benzine-soluble pigment from bleached rhodopsin exhibits the 
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color properties and pH changes of the entire residue Spectra of a 
methanol solution of this pigment are shoi\n in Fig 8, (a) neutral, 
(6) saturated with carbon dioxide at 25*^0 (c) in 0 25 n acetic acid, 
(d) in 0 56 N acetic acid, (c) in 0 6 n ammonia and (/) m 1 3 N 
ammonia Clcarlj the pH lability of the final product of rhodopsin 
bleaching is due pnncipallv to this lipoidal pigment 
To compare accurately the spectrum of the benzine soluble pig 
mtnt \vith that of the whole bleached residue both solvents and pH 
should be identical This condition is approximated b> diluting 



Fio 8 Benzine soluble pigment from the final residue of bleaching Spectra 
of methanol solutions (a) neutral (b) saturated uith carbon dioxide (c) m 
0 2^ N acetic acid {d) in 0 36 n acetic acid (e) m 0 6 n ammonia and (/) in I 3 n 
ammonia To bring to equivalent concentrations of pigment muUiplv all ordi 
nates of (c) bv 1 02 (d) bv 1 04 (c) b\ I 04 and (/) bv 1 I 

methanol solutions of the lipoidal pigment with buffered digitonin 
solution The latter alone can dissohc small concentrations of 
retmene forming solutions which differ vcr> little spectroscopically 
from methanol solutions 

Curves / m Fig 2 and t m Fig 3 show spectra of the benzine soluble 
fractions of final bleached residues, brought to the original volumes 
in mixtures of methanol and aqueous digitonm at pH 6 9 Such 
solutions resemble verv closely the whole residues but display con 
siderably lower absorptions The whole residues contain, m addi 
tion to benzine soluble pigment and salts, various proteins, including 
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the protein component of rhodopsm itself, which absorb and scatter 
light principally at low wave lengths The difterence in extinction 
between the whole residue and its benzine-soluble fraction is a measure 
of the apparent absorption due to these non-hpoidal constituents 
This matter is discussed in detail below 

State of Retmene in the Bleached Residue — I have assembled else- 
where the evidence that rhodopsm is a conjugated protein, containing 
retmene or its carotenoid precursor as prosthetic group (Wald, 1935- 
36) At the close of bleaching the color and behavior of the residue 
closely resemble those of free retmene The following experiments 
were undertaken to examine the association of retmene with protein 
m rhodopsm and m bleached solutions 

Free retmene dissolves very readily m benzine Irradiated retinas 
yield their retmene quantitatively on simply shaking with this solvent 
One cannot proceed so simply with rhodopsm solutions, to avoid the 
formation of viscous emulsions a special procedure is needed Acetone 
quickly destroys rhodopsm at room temperatures liberating its ret- 
mene content m the process I have found, however, that rhodopsm 
may be precipitated from solution quantitatively in the cold by add- 
ing an equal volume ot acetone, with little immediate injury to the 
molecule Precipitate and supernatant solution may be extracted 
separatel}'^ m the cold with benzine or with benzine-acetone mixtures, 
still without decolorizing the rhodopsm B> this means the state ot 
retmene may be examined m solutions of rhodopsm and of its bleached 
products 

When rhodopsm is precipitated m the cold with acetone practically 
all color descends with the precipitate If precipitate and solution 
are extracted m the cold, the combined extract contains a very small 
amount ot yellow pigment Ihis has never been obtained in quanti- 
ties sufficient for identification Its spectrum displays simple end- 
absorption It ma> be retmene or some lipoidal impurity of the orig- 
inal solution Its densit}^ at 400 mp is only about 5 per cent of that 
of the total benzine-soluble fraction of the bleached residue* 

The addition ot an equal x'olume of acetone to a bleached solution 
\ lelds a precipitate containing protein and most of the \ ellow color 
Ihe retmene %\hich descends \Mth this precipitate must be attached 
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to protein m the final bleached product Free retiuene would not be 
preapitated by addition of acetone, and the possibdity that the 
retmene is adsorbed and earned down during the formabon of the 
protein preapitate must be rejected, since carotenoids are not or- 
dinarily adsorbed appreaabty in the presence of high concentrations 
of acetone 

The extracbon of retmene from this precipitate with benzme is 
subject to two condibons (a) the benzine must contam a small 
quanbty (1 to 2 per cent) of acetone or alcohol, preferably the latter, 
and (6) the extracbon is greatly retarded at low temperatures This 
behavior suggests two possibihbes (1) Retmene may remam m part 
adsorbed on the protem residue of the rhodopsm molecule after bleach- 
mg has broken its chemical bond Small quantities of the typical 
carotenoid eluents, alcohol and acetone, liberate retmene by simple 
displacement from the adsorbent (2) Retmene may remam m part 
chetmcally bound to protem m the final bleached product Alcohol 
and acetone disrupt this complex just as they destroy rhodopsm it 
self m the warm, by attacking the protem 

By addmg equal volumes of acetone to rhodopsm solubons m various 
stages of bleaching, and determimng separately the retmene contents 
of the precipitate and of the supernatant solubon, one may estimate 
the extent to which retmene is hberated dunng bleachmg Immedi- 
ately following irradiation about five sixths of the retmene is found 
to descend with the protem preapitate, and after all thermal com 
ponents of bleachmg are complete this fracbon has fallen only to 
about two thirds 

The final product of bleachmg of rhodopsm in solution is therefore 
a mixture of retmene and protem, about two thirds stiU loosely at- 
tached to each other m some manner that scarcely alters the retmene 
spectrum It is this mixture to which Kuhne at times apphed the 
term “visual yellow,” and which Lythgoe (1937) has suggested be 
called “mdicator yellow ” Both terms are ambiguous The former 
has been apphed at various times to probably all orange or yellow 
products of bleachmg m both rebnas and solutions, the latter fads 
to disbnguish the final mixture from intermediate yellow or orange 
products of bleachmg, all of which appear to be pH mdicators 
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V 

The Spectrum of Rhodopstn 

Rhodopsm solutions are principally contanunated with yellow and 
colloidal impurities, both of which, the former by absorption, the 
latter by differential scattermg, raise the apparent extinction prin- 
cipally in the blue and violet The ratio of the extinction at 400 
to that at the maximum, 500 m/x (“400/500 ratio”)> therefore offers a 
convenient criterion of the purity of a preparation The lower this 
ratio, the purer is the solution 

My preparations form two groups in this respect Solutions of 
rhodopsin from bull frog retinas extracted directly or after pre- 
hnunary soaking in brme exhibited 400/500 ratios of 0 52-0 59 
Preparations from other animals, derived from retmas pretreated with 
alum, also fall into this group A representative series of such spectra 
has been shown in Fig 1 The relative constancy of these spectra in 
spite of considerable vanation in the details of preparation suggested 
for a time the possibility that the solutions were approximately pure 
However, almost simultaneously a number of investigators in- 
cluding myself prepared rhodopsin solutions possessing 400/500 
ratios of 0 30 to 0 35 These were derived from retmas pretreated 
with acid (Lythgoe, 1937), or with acidic alum solutions (Chase and 
Haig, 1937-38, present experiments), or by purifying imtial extracts 
by fractional precipitation (Elrause and Sidwell, 1938) The efficacy 
of alum treatment appears to be due to the fact that proteins other 
than rhodopsin are rendered insoluble It is possible that rhodopsin 
itself IS sigmficantly changed by this treatment, but no speafic dif- 
ference in behavior has yet been detected between these and non- 
alum-treated preparations For the present it may be assumed, 
therefore, that alum treatment does not significantly affect those 
properties of rhodopsm with which we are concerned The spec- 
trum of my best preparation from alum-treated retinas is shown in 
curve a of Fig 6 Its 400/500 ratio is 0 32 
These rhodopsm solutions still contain unknown quantities of im- 
punties, some of which may contnbute to their absorption in the 
visible spectrum It is possible, therefore, that the spectrum of pure 
rhodopsm hes considerably below that of any preparation yet meas 
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uied There is a strong disposition to beheve that the pure rhodopsin 
spectrum is identical in form with the visibihty function of the rods, 
in this case its absorption at 400 m/r should be only about 5 per cent 
of that at the maximum {cj Lythgoe, 1937) 

Hosoya and Bayerl (1933) have attempted to estimate empirically 
the absorption due to impurities m rhodopsm solutions From the 
spectrum of a rhodopsin preparation they subtracted the spectrum 
of an extract of hght adapted retmas prepared m the same way 
The resulting curve was unsymmetncal, maximal at about 500 m/i, 
and possessed a 440/500 ratio of 0 47 If this computation is rehahle, 
the spectrum shown m curve a of Fig 6 approximates that of pure 
rhodopsm, for its 440/500 ratio is almost preasely 0 47 
Hosoya and Bayerl’s procedure, however, is open to senous ques 
tion The spectra of all their rhodopsm preparations indicate the 
presence of large and variable quantities of impurities Presumably, 
control extracts of hght adapted retmas varied similarly Large in- 
accuraaes might consequently be expected to accompany estunation 
of the impurities in one preparation by those found m another Only 
a single expenment of this sort is mentioned, and its outcome might 
possibly have been largely fortuitous 
With the aid of data presented m the foregomg pages the spectrum 
of pure rhodopsm may be estabhshed withm narrow limits Its upper 
limit obviously is the directly measured total absorption of a rhodop 
sm preparation Its lower himt is fixed by the followmg procedure 
It IS assumed that dunng the bleachmg of rhodopsin m solution no 
other colored component changes its spectral characteristics The 
final bleached residue contams newly formed retmene and protem, in 
addition to impurities present in the origmal solution To a first 
approximation, retmene is the only benzme soluble pigment m this 
mixture This is extracted and its spectrum measured m the ongmal 
volume of solvent The difference between its absorption and that of 
the entire bleached residue is due to the protem product of bleachmg 
and to impurities present m the ongmal solution This difference, 
therefore, sets an upper hmit to the absorption in the ongmal solution 
which may be asenbed to impunties or to the absorption or scattering 
of hght by the protem fraction of rhodopsm itself If this difference 
IS subtracted from the spectrum of the rhodopsm preparation, the 
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resulting curve is the lower limit for the absorption of pure rhodopsin, 
or, expressed more precisely, the lower lunit of absorption of the rho- 
dopsm chromophore 

An example may clarify this procedure Curve a of Fig 3B pos- 
sesses a 400/ 500 ratio of 0 56 The difference in absorption between 
its final bleached product (curve li) and its benzme-soluble fraction 
m clear solution (curve t) constitutes the upper hmit of absorption in 
the bleached residue due to impurities and scattermg of light by col- 
loidal particles If this difference is subtracted from spectrum a, the 
approximate lower l imi t of pure rhodopsm absorption is obtained 
Its 400/500 ratio is 0 335 In five other preparations a sirmlar pro- 
cedure has 3 aelded lower hmit curves with 400/500 ratios of 0 30 to 
0 34, with an average value of 0 32 The 440/500 ratios of these func- 
tions are close to 0 47, agreeing very well therefore with Hosoya and 
BayerFs corrected spectrum and with the uncorrected spectra of prep- 
arations from alum-treated retmas 

This approximate calculation, however, reqmres some further ad- 
justment Ideally the benzine-soluble fraction should contain only 
the retmene produced by bleachmg m free solution in buffered, color- 
less, 1 per cent digitonin Actually it includes all benzine-soluble 
substances m the final bleached residue, in a buffered solution of dig- 
itonm m methanol-water mixtures The discrepancies between these 
situations are counterbalanced as follows 

1 The digitonm used to prepare the solutions of Fig 3 B itself ab- 
sorbed hght very shghtly at low wave lengths Its density in a 1 3 
per cent solution — the concentration used in curve i — was measured 
and subtracted from curve t 

2 The benzme-soluble fraction m true solution in alcohol or chlor- 


oform does not absorb light appreciably at 700 m/i In aqueous mix- 
tures it does register a small absorption at this wave length, either 
real or due to scattermg of light by the solution I have compensated 
for the possibihty that this absorption is an artifact by arbitrarily 
brmgmg the extmction at 700 my. to zero, m the case of Fig 3 B 


subtractmg 0 003 from all values of curve % 

When these two corrections have been made the 400/500 ratio of 
the lower limi t of rhodopsm absorption m Fig 3B has fallen to 0 27 
3 There is some doubt that the benzme-soluble residue is m true 
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solution in aqueous methanol digitonin mixtures If this is really a 
colloidal emulsion or suspension, some of its apparent absorption 
might be due to scattenng of light Solution r in Fig 3B appeared 
dear to the eye, but on more rigid examination it might have re 
vealed some optical heterogeneity 

These first three difiicultics do not arise at all in two expenments 
m which the absorption of the benzine soluble pigment was measured 
m absolute methanol Undoubtedly the solutions were “true,” the 
methanol possessed no mtrinsic absorption, and the extmctions of the 
solutions at 700 m/x were zero The lower limits of rhodopsm ab- 
sorption computed from these expenments possessed 400/500 ratios 
of 0 30 This IS in good agreement ivith the above, probably some 
what over corrected result 

4 The final correction is most important Benzine soluble colored 
substances may have been present in the ongmal unbleached solution, 
and these must be estimated and reckoned among the impuiibes 
For this purpose several rhodopsm solutions were precipitated with 
cold acetone and the preapitate and supernatant solution were ex- 
tracted with benzine acetone mixtures m the cold, as described m the 
preceding section The absorptions of such extracts m two expen 
ments were found to be neghgible at 500 mp, and at 400 mp were 4 4 
and 5 6 per cent of the extmctions at 500 mp of the ongmal rhodopsm 
One may therefore correct for this factor approximately by subtract- 
mg from the extmction at 400 mp of, for example, curve i of Fig 3B, 

5 per cent of the extmction at 500 mp of curve a 

When this final correction has been apphed to curve i, the difference 
between it and curve h represents the thoroughly corrected upper 
limit which may be assigned to absorption and scattermg by impun 
ties and by the protein component of rhodopsm This absorption, 
subtracted from curve a, yields a lower limit spectrum for the pure 
rhodopsm chromophore possessmg a 400/500 ratio of 0 20 Similar 
corrections apphed to the two expenments m which the benzme sol 
uble pigment from bleached residues was measured in methanol solu- 
tion reduce their lower limit 400/500 ratios to 0 23 and 0 24 

Fig 9 shows the spectrum of the whole rhodopsm preparation, 
taken from Fig 3B, and in broken hnes the lower limit absorption ,, 
spectrum denved from it Both curves have been given the 
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ordinate height by plotting extinctions on a percentage basis The 
spectrum of pure rhodopsin hes within the limits set by these spectra 
The spectrum of a whole preparation from alum-treated retinas 
(from curve a of Fig 6) is also shown in Fig 9 If this be accepted as 
the upper limit of rhodopsm absorption — and there is no known reason 
to deny it this sigmficance — then the spectrum of pure rhodopsm hes 
within the very narrow hatched area enclosed between this and the 
lower hunt spectrum One may with considerable confidence con- 
clude from these observations that the extmction of pure rhodopsin 



Fig 9 Limits of absorption of pure rhodopsin, and human rod visibihty 
The latter function is from Hecht and Williams (1922-23) The direct retinal 
extract spectrum is from curve a, Fig 3 B The broken line shows the lower 
hmit of rhodopsm absorption derived from it as described in the text Between 
these curves is drawn the direct spectrum of an extract of alum-treated retinas, 
from curve a of Fig 6 The spectrum of pure rhodopsin lies within the limits of 
the hatched area 

at 400 m^u lies between 0 20 and 0 32 of that at 500 m/r, and this ex- 
clusive of any absorption or scattermg of light due to the protein resi- 
due of the rhodopsm molecule 


VI 

Concentrations 

Extracts of rhodopsm in the present experiments, though not com- 
plete, contamed reasonably reproducible quantities of pigment Ex 
tmctions of extracts of alum-treated retmas from bullfrogs, rabbits. 
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and rats are shown in Table I These data were selected for max- 
imal punty of the preparations, as evidenced by the absorption 
spectra Extracts from non alum treated tissues were more vanable, 
but contained about the same average quantities of pigment. 

The third column of Tabic I presents the average extmction at 500 
mp of the total extract from one retina, concentrated m 1 cc , and 

TABLE I 

Exttndiotts eU 500 mu oj Exiraded BJiodopnn 
Column ni shofts the extinction per retina, for the total extract in 1 cc, 
measured m a 1 cm layer By dividing the averages m this column by the 
retinal areas (column 1\0, the extmction of the total extract spread evenly over 
the retmal surface is obtained (column V) In column VI these values ate 
reduced to percentages absorbed 
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measured m a layer 1 cm in depth Expressed differently, this is 
the extmction of extracted rhodopsm per retina, spread uniformly 
over a surface 1 sq cm m area These figures provide no relative 
measure of retmal concentrations until corrected with the appro 
pnate retmal areas 

In the fourth column of the table the average areas of the retmas 
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are shown They were obtained by measuring the diameter of each 
type of fundus and computing area as though the retma were spread 
over the surface of a hermsphere of this diameter 

By dividing the extmction per retma at area 1 sq cm by the retinal 
area, one obtains the values shown m the fifth column These are 
the extmctions of extracted pigment per retina, as though spread m a 
uniform layer over the retinal surface They are re-stated as per- 
centage absorption in the sixth column They show the bullfrog 
retina to possess about three times as great a density of rhodopsm as 
the rat retina, and this in turn about three times that of the rabbit 
retina 

These values constitute the lower limit which may be assigned to 
the extmction of rhodopsm in situ The true extinction in stlii is 
certainly higher, smce the extractions were not quantitative, and 
since rhodopsm is not uniformly distributed m the retma, but is 
concentrated at discrete points, the outer hmbs of the rods This 
latter factor mtroduces a much greater discrepancy m the rabbit ret- 
ina, which IS considerably diluted with cones, than m the rat, which 
possesses very nearly a pure rod retma (Lashley, 1932, Walls, 1934) 

vn 

DISCUSSION 

Rhodopsm Absorption and Rod Visibility — The absorption spectrum 
of rhodopsm has been beheved to resemble almost exactly the effec- 
tiveness of monochromatic lights m bleaching this pigment (Tren- 
delenburg, 1904) and m stimulating the rods (Konig, 1894, Hecht 
and Wilhams, 1922-23) 

This comparison has been based, not upon the absorption spectrum, 
but on the “difference spectrum” of rhodopsm As Fig 9 shows, the 
absorption spectrum of pure rhodopsm differs in form and position 
from the rod visibihty curve 

A second consideration, however, negates these differences, and re 
stores the original conclusion The original comparison involve 
not only a mistaken absorption spectrum, but apparently also an m 
appropriate visibihty function 

Hecht and Wilhams have accurately determined the rod visibility 
m a group of forty-eight observers of average age 25 years T eir 
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data are reproduced m the first two columns of Table II, and m Fig 9 
They show the visibihty as reaprocal of relabve energy mcident on 
the comeal surface of the eye, required to stimulate a constant sensa 
tion of brightness 


TABLE n 

Rod VtsibtlUy and the Limits of Absorption of Pure RJtodopsin 
Columns I and II arc from Hecht and Williams (1922-23) Column IH is 
the dividend of column II by I Colunm IV is from Roggenbau and Wetthauer 
(1927) Colunm V is the dividend of III by IV Column VII is computed from 
Fig 6 o, column VIII from Fig 9, as explamed m the teat All visibdities and 
absorptions have been reduced to a conunon percentage basis for comparison 
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The inadent energy is absorbed by rhodopsm m discrete quanta, 
which vary in size mversely with the wave length, but are very likely 
eqmvalent m their effects To appreciate its action on rhodopsm, in 
adent energy should be converted into relative numbers of madent 
quanta This is done by raultiplymg the energies by the respective 
wave lengths, or alternatively by dividmg the respective visibihties 
by the wave lengths The results are shown m column III of Table IL 
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The change from energy visibihty to quantum visibility is very small, 
but in the direction of better fit with the absorption data (Dartnall 
and Goodeve, 1937) 

To this point the visibihty data deal only with the numbers of 
quanta incident on the corneal surface For comparison wth their 
effects on the retinal rhodopsin it is necessary to know the proportions 
of incident quanta at each wave length which penetrate to the outer 
limbs of the rods 

It IS commonly stated in the ophthalmological literature that the 
transmission of human ocular media is practically complete throughout 
the visible spectrum This statement is based upon very rough qual- 
itative observations Recent exact measurements show that actually 
the ocular tissues absorb a large fraction of the incident light, par- 
ticularly at low wave lengths Roggenbau and Wetthauer (1927), in 
a careful examination of the transmission of cornea, vitreous, and lens 
in cattle, have shown that at 400 m^u only about 16 per cent of the in- 
cident energy is transmitted to the retinal surface, while at 500 mix 
the transmission has risen only to about 44 per cent Ludvigh and 
McCarthy at the Howe Laboratories of Ophthalmology in Boston 
have recently determined the transmission of human ocular tissues 
in the visible These data are not yet published, and have not been 
available to me However, Dr Ludvigh has kindly informed me that 
the human data for an age group averaging 22 years resemble closely 
the data of Roggenbau and Wetthauer without correction In 
younger human eyes the average transmissions are higher, in older 
eyes lower 

One may therefore, as a first approximation, use the Roggenbau 
and Wetthauer transmission data to correct the Hecht and Williams 
visibility function This is almost certainly in part an under-cor- 
rection, since the transmission data go only to the retinal inner sur- 
face, and so do not include absorption of light by the retinal tissues 
which screen the outer limbs of the rods Particularly m the mam- 
malian retina, with its rich network of capillaries, this factor might 
mvolve a large additional absorption of light 

Transmission of fight to the retmal surface, taken from the data of 
Roggenbau and Wetthauer, is presented m column IV of Table II 
The numbers m column HI, divided by these factors, yield the ret- 
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inal visibility,” the reaprocals of relative numbers of quanta madent 
on the surface of the retma, required to stimulate a constant bright- 
ness sensation These are shown in column V, and in Tig 10 
It may be noted that it is only the retinal visibility, ideally the 
reaprocals of numbers of quanta madent on the outer limbs of the 
rods, that should possess a umque form Any more penpheral type 
of visibihty curve should vary with the individual transmission char 
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Fig 10 Human rod visibility at the inner retmal surface farcies), and the <. 
absorption Imuts of pure rbodopsm i» n(B (hatched area), computed as desenbed 
in the text To faahtate companson, these functions are plotted as percentages 
of their respective maxnna 

actenstics of the observer’s eye Such variation has been clearly 
demonstrated in Abney and Watson’s measurements of "external” 
rod visibihty in various retmal areas of aght observers (1915) In 
Helds 10° above the fovea, for example, the wave length of maximum 
visibihty varied from about 495 m/i in the case of a student, Ar, to 
about SIS ran m Abney himself, and the visibUities at 425 ran m 
these two instances vaned from 13 to 5 6 per cent of those at the re 
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spective maxima A thoroughly corrected retmal visibihty function 
should be absolute and mvanant, but computation of such a relation 
must await the collection of visibihty and ocular transmission data in 
statistically significant quantities 

The retmal visibihty is to be compared with the absorption spec- 
trum of pure rhodopsin m solution Hecht has stated the theoretical 
basis for the behef that visibihty varies proportionately with the 
percentage absorption (Hecht and Williams, 1922-23) ® Though the 
form of an extmction spectrum is mdependent of concentration and 
depth of the absorbmg layer — since the extmction is directly propor- 
tional to both these parameters — the shape of a percentage absorp- 
tion spectrum is specific for one concentration and depth of layer 
For accurate comparison it is necessary, therefore, to estimate the 
true percentage absorption of rhodopsm in situ m the retma under 
consideration 

It was shown above (Table I) that the extmction at 500 mu of 
rhodopsm extracted from rat retmas, computed as though spread in 
a homogeneous layer over the retmal surface, is 0 061 , and it was in- 
dicated that the extinction of rhodopsin m the rod outer limbs is 
surely considerably greater We may estimate roughly the extinc- 
tion in situ as double this value, or about 0 12 ^ 

® It IS assumed that to produce a constant visual effect, a constant quantity of 
hght — or more accurately a constant number of quanta — must be absorbed If 
I IS the incident mtensity at any wave length, and a the percentage absorption, 
then for constant visual effect, al = constant But 1/7 for constant visual effect 
IS the visibihty Hence the latter is directly proportional to a Recently Hecht 
(1937) has pointed out that a is related to e, the absorption coefficient ( = 2 303 X 

extmction) by an expansion of the form, a = e — “ -f “ For small values 

of e all but the first member of this senes may be neglected and e — or extinction • 
substituted directly for a m compansons with the visibihty In the present com- 
putations, however, this substitution entails considerable error I have pre- 
ferred, therefore, to use the older, precise relation 

^I have chosen the rat retma for this estimate, as a structure in which the 
rods approximate those of the human retma and are almost undiluted \ifith cones 
Dartnall and Goodeve (1937), startmg with data of frog extractions, have amved 
at 0 1 as a probable extmction of rhodopsin in situ m the human e> e The close 
correspondence between their estimate and mme is fortuitous As the^e authors 
properly mdicate, doubhng this estimate would not appreciably affect the argu- 
ment 
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The limits of thodopsm absorption, shown as the hatched area m 
Fig 9, have therefore been re computed with extinctions at 500 mja 
set at 0 12 They have then been converted mto percentages ab 
sorbed, and the maxima arbitranly set at 100 for purposes of com 
parison They are presented m this form m the last three columns of 
Table 11 and m Fig 10 

It 13 clear that the hmits here assigned for rhodopsm absorption tn 
still agree very closely with the provisional retinal visibihty The 
small departure of the point at 412 m/i is scarcely to be regarded 
seriously As already indicated, the visibihty function is almost cer 
tainly under corrected, and all of the low wave length pomts should 
probably be raised Withm the limitations of avadable information, 
therefore, it may be concluded that the retmal visibihty agrees m both 
form and position with the absorption spectrum of pure rhodopsm 

Kinciics — The present results show the complete process of bleach 
mg of rhodopsm m solution to be complicated beyond any present 
hope of useful kinehc analysis It should be possible, however, to 
regulate bleachmg so that its over all velocity is limited by the speed 
of the photoprocess alone In this way the kmetics of the isolated 
hght reaction might be explored 

Chase (1935-36), using irradiation mtensities much lower than 
those of the present research, found the kmetics of bleachmg in aad 
and cold solutions to present “anomahes,” while m warmer and more 
alkalme solutions the results permitted sunpler mterpretation Chase 
ascribed these differences to the appearance of yellow reaction prod- 
ucts under the former conditions, their absence under the latter As 
shown above, new yellow products actually appear in all known ar- 
cumstances 

The conditions for prease measurement of the kinetics of the photo 
process may be stated as follows 

1 The veloaty of the hght reaction must limit that of the entire 
transformation This is accomphshed by decreasmg its speed by 
lowermg the irradiation intensity, while simultaneously hastenmg the 
thermal components by raismg the temperature and alkalmity 
These conditions ensure that at all stages of bleaching only rhodopsm 
and the final yellow product (retinene protem) are present m the re 
action mixture 

2 The concentration of rhodopsm m this mixture must be meas- 
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ured Obviously this is not given directly by the extinction at any 
wave length at which the yellow product itself absorbs light It is 
clear from Fig 8 that this prohibition involves appreciably all wave 
lengths below about 580 m^ in neutral or acid solutions, and below 
about 500 mfj, m alkaline solutions The error introduced m this way 
in measurements of decrease in extinctions of neutral solutions at 500 
m^ IS of the order of 10 to 15 per cent Trendelenburg’s measure- 
ments of bleaching in presumably neutral solution at 589 m/x, and 
Chase’s measurements at 500 mjn and pH 9 3, are probably the only 
existent accurate spectrophotometric descriptions of the photoprocess 

Hecht’s detailed measurements of rhodopsm bleaching kinetics 
still remain the most acceptable (1920-21, 1923-24) Hecht prin- 
cipally employed low mtensities of irradiation at room temperatures, 
so that bleachmg occupied from 1 to 2 hours Under these conditions 
the speed of the hght reaction almost certainly limits the velocity of 
bleaching Concentrations were measured by the rough but other- 
wise unexceptionable method of visual comparison with standard 
mixtures of rhodopsm and the final yellow product In a number of 
Hecht’s experiments in which relatively high intensities and low tem- 
peratures were employed, the light reaction should not have limited 
the velocity of bleachmg Yet such experiments did not yield anom- 
alous results Apparently Hecht’s colorimetric method succeeds in 
estimating the rhodopsm content of bleached solutions comparatively 
undisturbed by the state of the bleached products It is curious 
that this superficially rough procedure seems much better suited to 
the purpose than the more elegant spectrophotometric methods since 
employed There is no present reason for doubting Hecht’s results 
They show that the photoprocess is first order, and that its velocity 
IS directly proportional to the hght mtensity, and is practically in- 
dependent of the temperature between 6 1 and 36 1°C 

Bleaching and Denatnration — ^Most of the available evidence that 
rhodopsm is a protem mvolves its sensitivity to common protein 
denaturants (Wald, 1935-36) Recently Mirsky (1936) has sug- 
gested that the bleachmg of rhodopsm by light is a denaturation 
process 

The term denaturation mcludes a number of diverse changes 
primarily the loss of solubdity at the isoelectric pomt, and associated 



GEORGE WALD 


827 


With this HI varying degree a loss of specifiaty, or of abihty to crys- 
talhze or to spread on a surface, increase in the number of eitposed 
reducing groups, and changes m acid base properties (Neurath, 1936, 
Mirsk) and Pauling, 1936, Bull and Neurath, 1937) None of these 
changes has yet been shown to accompany the bleaching of rhodopsm 
by hght Unless the defimtion of denaturation is expanded to in- 
clude all changes in the prosthetic groups of conjugated proteins, I 
see no present reason for calling the photodecomposition of rhodopsm 
a denaturation 

It seems to me that denaturation of rhodopsm may occur with 
bleachmg, or without bleachmg, or that bleaching may occur without 
denaturation, depending upon what is done to the molecule Strong 
acids and alkahes, alcohol, chloroform, acetone m the warm, and 
temperatures above 60°C all convert rhodopsm irreversibly to yellow 
with denaturation of the protem residue It may be that careful ex- 
perimentation wiB eventually show some of these effects to be re 
versible The behavior of the related carotenoid protein, ovoverdin, 
foreshadows what may be expected of rhodopsm m this regard (Stem 
and Salomon, 1938) 

On the other hand the protem residue of rhodopsm may be pro 
foundly altered without a trace of bleachmg, as when retmas are 
treated for long periods with 8 per cent formol, and probably also 
when they are soaked for days m 4 per cent alum, or are allowed to 
rot intensively at (Ayres, 1882) 

Fmally, the prosthetic group of rhodopsm may be attacked directly 
by absorption of hght That m this case the protem residue is ap 
preaably affected, apart from changes m the carotenoid protem bond, 
is still to be demonstrated 

There is a particularly interestmg situation m which denaturation 
processes may cooperate with photoprocesses to produce bleachmg 
This appears among the observations of Ewald and Kiihne (1878) • 
Below about 37°C bleachmg is typically photochemical, it occurs 
only m hght, and its veloaty is practically mdependent of the tem- 
perature (see also Hecht, 1920-21) Above about SO^C bleachmg 
occurs by a typical denaturation process, m darkness, and possesses 
a very high temperature coefSaent In the mtermediate range from 

* Kwald and TT uhn e, 1878 IV, 440 
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40 to 50°C , bleaclung requires light, but possesses also a high tem- 
perature coeflacient It is possible that within this range the incressd 
in internal energy of rhodopsm molecules effectively raises the 
quantum efficiency 

The Visual Cycle — ^The final product of bleachmg of rhodopsm m 
solution IS a mixture of retmene and protem, m part loosely bound to 
each other In the isolated retina, two reactions are added to the 
system in vitro (1) more pronounced and regular reversion of retmene 
to rhodopsm, and (2) conversion of retmene to vitamm A Finally, 
m the mtact eye, the visual cycle is completed with reversion of vita- 
mm A to rhodopsm (Wald, 1935-36, 1936-37) The entire cycle is 
expressed convemently m the following skeletal form 

Rhodopsm ^ 

(500 mp) 

/ ^ 

/ \\ 

Vitamin A-protein < Retinene-protem 

i I 

(328 m /1 m chloroform) (385 m/i in chloroform) 

(SbClj — > 615-620 m/i) (SbClj 664 m/i) 

The bleachmg of rhodopsm to retmene-protein has now been 
shown to proceed by a complex succession of photic and thermal proc- 
esses Other reactions m the retmal cycle may be similarly com- 
phcated The arrangement of apparent precursors as written here 
is also not to be mterpreted rigidly Now that retmene is recognized 
to be only the last of a series of products of bleachmg, it is clear that 
any of the intermediates might be the true precursor for formation 
of either rhodopsm or vitamm A 

It IS noteworthy m this connection that the color of retinas in all 
stages of bleachmg, foUowmg exposure to bright light, is orange, not 
yellow, and resembles therefore the color of the mitial photoproducts 
rather than that of retmene This distmction is apparently not 
simply a physical effect, for on strongly acidif}ang an orange retina 
the strikmgly different yellow color of acidic retmene at once appears 
(Wald, 1936-37) It is quite possible, therefore, that the color of 
irradiated retmas is due pnncipally to the mitial photoproducts Cer- 
tainly retmene is present m the retma, smce it may be extracted di- 
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rectly TOth benzine, but perhaps normally it occurs m low concentra- 
tion We may imagme retmenc to be m mobile equilibrium in the 
irradiated retina with orange photoproducts, extraction displaces the 
equihbnum and removes all the pigment m the form of retmene On 
the other hand, in solutions of irradiated rhodopsin, retmene accu- 
mulates because it is formed irreversibly From this point of view 
retmene may occupy much the same position m the retmal cycle that 
hexose diphosphate does in muscle — that of an mtermediate normally 
present in very small amounts, but capable of accumulatmg m large 
quantity when the normal system is reduced by poisoning of the bssue 
or by extraction (Meyerhof, 1937) 

These are matters for further experimentation to deade For the 
present the cychc scheme presented above expresses correctly certain 
relations among the three most stable loo m the complex retmal cycle 
It summarizes simply a large number of the empirical observations 
It has already proved useful m descnbmg the behavior of the func- 
tioning visual system (Winsor and Clark, 1936, Riggs, 1937, Hecht, 
Haig, and Chase, 1936-37, Wald and Clark, 1937-38) 

StmMARY 

1 The properties of rhodopsin in solution have been examined m 
preparations from marine fishes, frogs, and mammals 

2 The bleachmg of neutral rhodopsin m solution includes a photic 
and at least three thermal ("dark”) processes Thermal reactions 
account for approximately half the total fall m extmction at 500 mp 

3 Bleachmg has been mvestigated at various pH’s from 3 9 to 
about 11 With increase m pH the veloaty of the thermal com- 
ponents increases rapidly Though the spectrum of rhodopsm itself 
IS scarcely affected by change m pH, the spectra of all product mix- 
tures followmg irradiation are highly pH labile 

4 The spectrum of pure rhodopsin — or of the rhodopsm chromo- 
phore — IS fixed withm narrow limits The extmction at 400 mp hes 
between 0 20 to 0 32 of that at the maximum 

5 Within the limitations of available data, the spectrum of pure 
rhodopsin corresponds in form and position with the spectral sensi- 
tivity of human rod vision, computed at the retinal surface 

6 The nature of bleaching of rhodopsm m solution, its kinetics, 
and its sigmficance in the retinal cycle are discussed 
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THE EFTECT OF HYDROGEN ION CONCENTRATION UPON 
THE INDUCTION OF POLARITY IN FUCUS EGGS 
EU Gradients of Hydrogen Ion Concentration* 

Bv D M WHITAKER 

(Front the School of Biological Sciences^ Stanford University, and the Hopkins 
ifarine Station, Stanford University) 

(Accepted for publication^ March 23, 1938) 
introdgction 

It has been shown (Whitaker (1)) that the tendency of the Fucus 
egg to form a rhizoid on the side toward a neighbor, or m the resultant 
direction of neighbors (“group effect”), is greatly mtensiiied or aug- 
mented when the sea water medium is aadified to pH 6 0 When 
smgle eggs are placed near one end in a close fittmg tube of glass or 
quartz 10 or 20 egg diameters long so that substances diffusmg from 
the egg escape more rapidly from one side than from the other, the 
egg develops in a gradient of its own diffusion products It has been 
shown (Whitaker and Lowrance (2)) that m this case also acidification 
of the medium increases the tendency of the egg to form the rhizoid 
on the side of greatest concentration of substances diffusmg from the 
egg The polanty of the egg is detemuned by the concentration of 
substances diffusmg from the egg itself, just as it may be detenmned 
by concentration gradients brought about by a neighboring egg 

A general or uniform increase m the concentration of hydrogen ions, 
which mtensifies the response of the egg to gradients, should not be 
confused with gradients of concentration of hydrogen ions or of other 
substances across the developmg eggs Groups of eggs or even two 
eggs alone m a dish developmg in close proximity m the dark, or smgle 
eggs near one end in glass tubes undoubtedly produce pH gradients 
across the developing eggs as a result of the diffusion patterns of COj 
and perhaps other aad metabohtes However, these pH gradients, 

* This work has been supported m part by funds granted by The Rockefeller 
Foundation 
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which may be presumed to exist imder conditions which result m 
the group effect, comcide with concentration gradients of any and all 
substances diffusing mto or from each egg cell In order to separate the 
effects of hydrogen ions from the effects of other substances except 
CO 2 (see discussion), the effect of pH gradients has been tested directly 
m the experiments now to be reported A prehmmary report of a 
part of the results has been published (3) 

Method 

Ripe fruiting tips of Fucus furcaius f luxiinans were collected at the same 
locality and by methods which have previously been descnbed (4) The fruitmg 
tips were kept for a few days at 4°C When gametes were obtamed they were 
kept m the dark except for brief exposure dunng parts of the experiment to red 
hght, which does not affect the polanty of Fuats eggs All work was carried out 
m a constant temperature room at 15 db , and no eggs were used which did 
not appear to be sphencal at the start Matenal was collected and the expen- 
ments were earned out m March, April, May, and June, 1935 

Diffusion pipettes were made of Pyrex glass Each pipette was drawn with a 
very steep taper from 10 mm stock The finished pipette consisted of a tube of 
Pyrex 10 mm m diameter and about 5 cm long, but at one end v/ithm approxi- 
mately 1-2 cm of length the tube was tapered to an overall diameter of about 25 
microns, and a lumen of about 8-20 microns diameter The tapers were drawn 
at an angle of about 45° '.vith respect to the long axis of the primary tube Pipettes 
of similar size and shape were matched in pairs and the tips were cut off so that 
the lumens were of similar diameter The tips were cut off with a diamond 
mounted m a Taylor miaomanipulator 

The pipettes were filled from the tips to the bases of the tapers with 1 per cent 
agar-sea water so that the mam body of the pipette could be refilled with liquid 
without leaving an air bubble between the hquid and the mner surface of the agar 
Two matched pipettes were used m each expenment One of the pipettes was 
filled with normal sea water and the other was filled with acidified sea water To 
equihbrate the agar m the tip with the solution to be used m the experiment 
each pipette was filled and refilled several times, and the tip was also soaked in the 
same solution The level of the solution m the pipette was several centimeters 
abo\ e the solution in w hich the tip w as mamtamed so that some pressure supported 
the diffusion The agar m the tips of the pipettes was equilibrated over a penod 
of 11-16 hours before the start of an experiment 

In each expenment a smgle egg was reared m a pH gradient The egg was 
placed m a square Petn dish of normal sea water on the levelled stage of a micr^ 
scope on a concrete table These precautions were necessary to keep the 
egg from movmg Sea water from the same supply was used in the Petn dish and 
m the normal sea water pipette The two pipettes were freshly fiOed with fluid 
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to the same level which ranged from 3 to IS mm above the level of the sea water 
m which the egg was placed, so that the diffusion was supported by some pressure. 
The agar plugs apparently adhered firmly to the glass and no detectable volume of 
fluid passed from the pipettes into the culture dishes during the experiment 
About 2 hours after fertilization the two pipettes, which were mounted in a Taylor 
micromanipulator at an mchned angle so that the finely drawn tapers were ap< 
proximately horizontal, were approached toward the egg on opposite sides until 
the Ups were level with the egg and were about an egg diameter from it Fig 1 
shows photomicrographs of the eggs and pipette Ups at a later stage of develop 
ment The two Ups were onginaAly equidistant from the spherical egg, and this 
rebUon usually persisted although m some cases the egg moved slightly at some 
Ume durmg development In earlier experiments the egg tested on the glass 
bottom of the dish In bter experiments a level layer of sea water agar was pbced 
m the bottom of the dish to reduce bteaLagc of pipettes at the tunc of set up 
Four microraanipubtors were avaibble and four expenraents were run 
sunultaneously 

The normal sea water pipette provided a control for the glass, agar, etc of the 
pipette The need for this control was suggested by collateral observations that 
Fucus eggs may be affected by a nearby glass surface probably because of its 
interference with diffusion of products from the eggs 

In selecting an agent for aadifying the sea water in the aad pipette it was 
regarded as desirable to have enough buffer capacity to be sure that the acid 
diffusing from the very small lumen of the pipette would not too readily be neutral 
ized by the sea water On the other band, it would be undesirable to have so 
much buffer capaaty that aadity would be mamtamed m high degree when the 
buffer diffused around to the other side of the egg From these considerations, 
a mixture of 4 or 5 parts of McIlvameV buffer to 96 or 95 parts of sea water was 
selected As pointed out m the first paper of this senes (Whitaker (1)), such 
mixtures provide enough buffer capacity to hold the pH constant for 24 hours to 
within 0 I pH umt when eggs ate growing m them, but they contain the least 
amount of buffer which wiU do so Upon dilution with sea water the buffer 
capaaty and the hydrogen ion concentration decrease rapidly Smee the mixture 
diffusmg from the aad pipette would be very greatly diiutcd before reachmg the 
far side of the egg these conditions should be favorable to an effective pH gradient 

After definite and convmang results bad been obtamed, it \vas thought desir 
able to cany out a few more experiments using another buffer system mvolvuig 
neither atrate nor phosphate to be sure that the results could not be attributed to 
these ions For this purpose aadification was earned out by means of a mature 
of HCl and NaHCOj added m such amount as to give a buffer capaaty which 
was empirically found to he approxunately the same as the buffer capaaty of the 


^ A mature of 0 1 m atne acid and 0 2 m secondary sodium phosphate in such 
proportions as to give the desired pH 
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4 per cent or 5 per cent Mcllvame’s mixture After acidification with either 
buffer system the sea water was equihbrated with atmospheric CO 2 , and the 
osmotic pressure of the mixtures was readjusted if necessary with glass distilled 
water 

TABLE I 


The conditions of the experiments (see Figs 1, 2, and 3 for results) The 
pH of the sea water as given is the imtial pH at the start of each experiment 
Under the heading “buffer”, Mcllv refers to Mcllvame’s buffer See text 
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RESULTS 

After setting up the pipettes, the dish containing the egg was covered 
to reduce evaporation, and the assembly was orchnanly left undis- 
turbed for 24 hours or longer By this tune the rhizoid protuberance 
was well developed and the first cell division was usually completed 
The results w ere sketched and photographed 

Figs 1, 2, and 3 show photomicrographs of all eggs reared in pH 
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traditnts, e\ci.pl that the result ol < \|iinmeiit 7 (Fig 1) is shown as a 
drawing from the original btcausi the photograph failed In all cases 
the right hand pipette in each boxed figure which is also the pipette 
under which the number of the experiment appears is the acid pipette 
For convenience in considering the results shoevn m the figures the 
numbers of the experiments are gnen not in the order in which they 
were earned out, but in the order ol the type of result Table I gives 
the conditions of each expenment 

Fig 1 shows all eggs which were reared with Jlcllvaine’s buffer 
used as the acidifying agent m the acid pipette The data in Table X 
show that the pH of the normal sea water at the start of these expen 
ments (expenments 1-43) ranged from 7 4 to 8 3 and that the pH of 
the medium in the acid pipette ranged from 5 8 to 6 4 Of the 43 eggs 
39 or 91 per cent formed rhizoids on the acid half of the egg and 2 1 or 
ncarh half formed them within lO” of the most acid point of the egg 
surface 

7 moreeggswere then reared withHCl-NaHCOjused as the acidify- 
ing agent in the acid pipette, and the results are shown in Fig 2 In 
these e-tpenments (44-30) the initial pH at the tips of the pipettes 
ranged from 7 6 to 7 7 (basic) and from 6 1 to 6 2 (acid) 411 of the 
eggs formed rhizoids on the acid side 1 he results are thus essentially 
the same regardless of which buffer system is used Considering 
expenments 1-50 togetiier 46 eggs or 92 per cent formed the rhizoid 
on the acid side of the egg 

While most of the eggs formed rhuoids quite close to the most acid 
point of the egg surface (Figs 1 and 2), a considerable number which 
formed them on the acid side did so at some distance from the most 
acid point A number of considerations suggested that this might be 
due to slightly greater than optimum acidity at the most acid point 
of the egg surface resulting from greater acidity of the solutions, 
greater diameter of the pipette tips, closer proximity of the tips to the 
egg, or a combination of such factors To test this, expenments 51 
to 62 were arranged with still greater acidity of the acid pipette The 
results are shown m Fig 3 

In expenments 51-38 (Fig 3) the medium in the acid pipette was 
acidified to pH 3 5-3 6 with Mcllx aine s buffer In experiments 
39-62 It was acidified to pH 5 7 with HC)-A’aHCOj The results 
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Fig 1 Photomicrographs of results ot e\periment5 in \\hich an egg de\tlopt.d in a pH 
gradient and in which ^IcIKaine’s butler was used to aciditv the sca water in the acid [iipette 
In each photograph the acid pipette is shown on the right hand side, abo\e the number oi 
the e\periment See Fable I and te\t tor conditions ot each experiment Ihe result oi ex 
periment 7 is shown as a drawing 














Tic 2 Photomicrographs of results of experiments m x\hich an egg developed m a pH gra 
dient and m \\hich HCl \aHCOj \vas uacd to aadif) the sea \\aler in the acid pipette In 
each photograph the acid pipcitc is on the nght hand side above the number of the expen 
ment Sec T able 1 and text for condition^ of each experiment 



Fir 3 Photomicrographs of experiments m which an egg developed m a pH gradient and 
m which the sea water m the acid pipette (showm on the right hand side in each photograph 
above the number of the expenment) was acidified to pH 5 7-5 5 This is slightly more acid 
than in the cases shown in Figs 1 and 2 In experiments 51-o8 inclusive Mcllvames buffer 
was used to acidifv and m experiments 59-62 inclusive a mixture of HCl and NaHCOs was 
used See Table 1 and text for conditions of each expenment 
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show that when the pH of the medium in the acid pipette is lowered to 
5 5-5 7 the rhizoid forms on the side of the egg away from the acid 
pipette 

At the end of the experiments a small amount of almost transparent 
deposit was quite often observed attached to the tip of the acid pipette, 
extending out from it for about 5 to 20 microns This material was 
not identified It may have been a precipitate of buffer ingredients, or 
possibly a growth of microorganisms It never formed on the basic 
pipette This deposit was variable in amount, and it was entirelv 
absent in quite a number of experiments with Mcllvaine’s buffer and 
in all experiments in which HCl-NaHCOs was used to acidify No 
correlation could be found between its presence and the result, and it 
is therefore regarded as inconsequential 

In four experiments the pipettes were not maintained in place until 
the end as in all other experiments, but instead they were withdrawn 
at 15 hours after fertilization At this time no rhizoid protuberances 
or any other external indications of polarity had yet appeared I he 
rhizoid protuberances later formed near the regions of the egg surfaces 
which had formerly been most acid So far as this evidence goes, 
therefore, it indicates that the pH gradient may determine the develop- 
mental polanty some time before the morphological response takes 
place 


DISCUSSION 

The results appear to show quite conclusive!}^ that the develop- 
mental polanty and the pattern of differentiation of the Fucus egg 
can be determined by a gradient of hydrogen ion concentration across 
the developing egg in sea water Since the sea water contains car- 
bonates, a diffusion gradient of hydrogen ion concentration may bt 
expected to produce a gradient of COz tension by chemical action on 
the sea water Even when all the excess COz resulting from acidifica- 
tion of the sea ^\ater is successfully removed by aeration from the 
fluid used in the acid pipette, CO 2 would be produced again when the 
acid sea water diffused into more basic sea water So long as a 
gradient of h}drogen ion concentration is maintained in carbonate 
bearing sea water, a coincident gradient of CO 2 tension is a corollary 
The experiments therefore do not show whether the ph}siological 
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effects arc due directly to the hydrogen ions or to the COj which they 
produce in the medium 

It IS not known whether an earher polarity exists in the egg’ which 
IS superseded by the effect of the gradient, or whether polarity is first 
established under the mfluence of the gradient The former is perhaps 
more probable, especially smee an egg develops normally with no 
external gradient of any sort In any event, any region of the cyto 
plasm may be caused to give rise to either rhizoid or thallus, dependmg 
on this external factor 

The thizoid tends to form at or near the most aad pomt on the 
surface of the egg unless this is too acid, in which case it forms at a more 
basic region In extreme cases it forms at the most basic pomt on the 
egg surface Since eggs mil develop rhizoids in medium buffered at 
pH 5 5 (1), although with some delay, it cannot be supposed that 
rhizoid formation is impossible at the absolute pH of the most acid 
point of the egg surface under conditions resultmg in reversal The 
reversals were obtamed when the acid pipette was at pH 5 5-5 7 
The rhizoid forms at a more basic pomt on the egg surface when one 
IS available It is clear that what happens at a given region of the 
egg depends not only on the pH at that region but also on the pH at 
other regions of the egg surface In other words, it depends on the 
gradient as well as upon the absolute pH This is m harmony with 
Child’s theory of physiological gradients (6 and 7) The specific 
mechanism by which the gradient of hydrogen ion (or COj) concen 
trabon determmes the morphogenesis remams as the prmcipal prob 
lem A Fucus egg which apparently is not subjected to any external 
pH gradient develops normally and forms one rhizoid over a wide pH 
range The differenbation therefore appears to be controlled by an 
internal system which is readily altered or shifted by a number of 
external factors, mcludmg the pH gradient 

The actual pH values at the egg surface which result in the particu- 
lar responses are of course not known precisely The effect of metabo 
lites on the pH at the surface can only be guessed at, and the acid 
diffuses around the egg to aadify the baste side to an unknown extent 
There is no doubt, however, about the relabve pH values and the 

’ Knapp (5) reports that the rhizoid normally forms at the entrance point of 
the sperm m Cyslostra 
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directions of the pH gradients Even when the pH of the solutions is 
reproduced there is, of course, a considerable variation in the pH effect 
of the acid pipette depending on its diameter, distance from the egg, 
steepness of taper, etc Since reversal of the developmental response 
takes place when the pH of the acid pipette is lowered only slightly 
(from 5 9 to 5 7), the vanation seen in the position of the rhizoids with 
respect to the most acid pomt, even when the pH of the pipettes is 
reproduced, may be due m considerable part to slight differences mthe 
effectiveness of the pipettes Some differences in the eggs are also to 
be expected, and possibly there is some residual effect of an earlier 
polarity 

The group effect phenomenon (see introduction) and the response of 
an egg in a capillary to its own diffusion products (2) can be accounted 
for adequately on the basis of acid metabohtes, acting through diffu- 
sion patterns of hydrogen ions or CO 2 It has been pointed out earlier 
(1 and 2) that there are reasons for suspecting that a growth substance 
may be involved m the responses of the Fucus egg and that a number 
of agents which determine polarity may act by affecting growth sub- 
stance Since the known growth substances are acids which are 
physiologically active m the undissociated molecular form, hydrogen 
ions mcrease the activity of growth substance (8-10) Growth sub- 
stance (auxin) softens cellulose walls, and it has further been shown 
by Thimann and Went and others (9) that auxin initiates and induces 
root differentiation The rhizoid formation in Fucus involves soften- 
ing of the cellulose wall, and at least by analogy the differentiation 
resembles root differentiation 

Recently du Buy and Olson (11) have succeeded in extracting an 
umdentified growth substance from eggs of F vestculosus with chloro- 
form Dr du Buy informs me that the volume of the agar gel blocks 
which they used in the oat test was 8 mm ^ They obtained positive 
results using test blocks containing egg extract in a concentration 
approximately equivalent to 0 85 cc eggs per cc agar gel In Janu- 
ary, 1936, Drs Went, Skoog, and van Overbeek, at the California 
Institute of Technology, were so kind as to test extracts which Dr 
Lowrance and I made from recently fertilized eggs of F fiircalus The 
tests were made with 4 mm ^ agar blocks on seeded and de-seeded oat 
seedlings Our extracts were made with purified chloroform, and 
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separate extractions were repeated on the same matenal with chloro 
form and HCl The products of the primary neutral extractions were 
tested in equivalent concentrations of approximately 0 38, 2 4, and 
3 8 cc eggs per cc agar gel The acid extractions were tested in 
equivalent concentrations of approximately 0 9, 2 4, and 3 8 cc eggs 
per cc agar gel The results were negative, and m May, 1936, Dr 
van Overbeek tested some more extracts which we prepared at the 
Hopkins Manne Station from eggs reared in light (40 watts at 1 meter) 
until just before and just after rhixoid protuberances began to form 
Chloroform partition extracts from the sea water medium were also 
added in These extracts were tested in a sunilar manner The 
concentrations of the products of neutral extraction were approxi- 
mately eqmvalent to 0 4 and 1 7 cc eggs per cc agar gel, and the 
concentration of the products of a second acid extraction was 1 7 
Again the results were negative, but negative results do not mean 
much in a case of this sort as speaal procedures are often necessary 
for the extraction of growth substance It is also possible that oxida- 
tive destruction took place during the 30 to 48 hours required to trans 
port the iced extracts to Pasadena and start the tests 
Olson and du Buy (12) recently report that rhizoids tend to form on 
the sides of developmg eggs of F vestculostis to which the potassium 
salt of indole acetic aad (hetero auxm) is apphed m suSiaent concen- 
tration As they point out, their results strengthen the hypothesis 
that growth substance m the egg induces rhizoid formation and that a 
number of agents which determme polarity may act by affecting the 
activity of growth substance Most of the effects of the pH gradient 
can be interpreted on this basis very well To explain the formation 
of the rhizoid on the basic side of the egg when the pH of the acid 
pipette is lowered to pH 5 7-3 S, it would probably be necessary to 
suppose that in this case so much growth substance is present m the 
molecular form at the most aad pomt that it is mhibitory It may 
instead be that other effects of the hydrogen ions predominate at this 
concentration It is more difficult to explam the rflle of hydrogen ions 
m terms of their effect on growth substance in the case of the egg 
developmg near one end m a capillary tube, which tends to form the 
rhizoid on the side away from its own diffusion products (which is also 
presumably the basic side) when the pH of the medium is imtially 
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^ e , 8 1-8 4 (2) It is probable that hydrogen xons or COo also 
affect the underlying rhizoid fornung processes m other ways than 
through the pH effect on the activity of growth substance 

The results reported in this paper show that hydrogen ions and 
CO 2 , produced as metabolites, are adequate to explain the group 
effect They probably act, at least in part, through their effects on 
growth substance in the egg Whether the effect is supported in 
addition by the diffusion of growth substance from neighboring eggs to 
form effective concentration gradients m the medium is undetermined 

SUMMARY AND CONCLUSIONS 

1 Gradients of hydrogen ion concentration across Fucus eggs 
growing in sea water determine the developmental polanty of the 
embryo 

2 Gradients may determine polanty even if removed before the 
morphological response begins 

3 The rhizoid forms on the acid side of the egg unless this is too 
acid, m which case it develops on the basic side of the egg 

4 Smce gradients of hydrogen ion concentration m sea water 
produce gradients of CO 2 tension, as a result of chenucal action on the 
carbonate buffer system, it is not proven whether the physiological 
effects are due to the hydrogen ions, or to the CO 2 which they produce 
in the medium 

5 The developmental response of the eggs to gradients of hydrogen 
ion (or CO 2 ) concentration provides an adequate but not an exclusive 
explanation of the group effect in Fucus 

6 Hydrogen 10 ns may exert their effect by activating growth sub- 
stance Hydrogen ions or CO 2 probably also affect the underlying 
rhizoid forming processes in other ways as well 

The author is indebted to Dr Edward Lowrance for assistance in 
carrying out the experiments 
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Relation of Phage Activity to the Proienn — If the nucleoprotein is 
really the active agent it would be expected that denaturation or 
digestion of the protein would result in corresponding loss in activity 
The protem is instantly inactivated in solution more aad than pH 
4 7. No visible preapitate forms, even m the presence of salt, but 
the solution becomes more viscous and the denatured protem may be 
filtered out Measurement of the sedimentation constant shows the 

TABLE VI 

Inaclivahm and Denaluraiton at Various pH 
Noted amount m/1 acetic aad added to 5 mi phage solution m m/10 pH 7 0 
phosphate buffer, saturated ammonium sulfate Solution at 20®C for 5 
minutes, titrated back to pH 7 0 by 1 m ammomum hydroxide 0°C for 24 hrs 
Filtered at 0°C through No 42 paper Samples removed and analyzed for 
ph u and protein N as noted 


Ml u/1 acetic acid 

0 

07 

10 

pH (eolonmetiic) 

70 

47 

44 


A « I 
ml 

Iproletn 
iVl ml 

If/i «} 
me pra 
ttinN 

A 0 1 
mi 

Ipro- 

MnN] 

ml 

(#A ul 
mg pro 
km N 

iph u] 
mi 

‘KV 

Iph u]me 
proktn n 

Solution analyzed 










munediately after 
neutralization. 

No 1 
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0 08 1 

1 

6300 

500 

0 08 

6300 

1 0 

0 08 

1 0 

After 24 hrs O’C , 
No 2 

Solution No 2, 

1 

[ 500 1 

! 

0 08 I 

6300 

500 ! 

0 08 

6300 

1 0 

0 08 

1 0 

Filter No 42 

500 I 

0 07 1 

6600 

420 1 

0 06 

7000 

1 0 

A 

o 

o 

o 

V 

o 

o 

O 


2 ml 

soluuon No 2 plus 4 ml 

1/4 saturated ammonium sul- 


fate — viscosity measured 25‘’C 





sol 



1 3 



1 3 



1 55 

ijHjO 











denatured protem to be of much smaller molecular weight than the 
active protem 

The result of an experiment m which the protem was denatured by 
acid is shown m Table VI At pH 7 0 and 4 7 there is no change m 
activity m 24 hours At pH 4 4 practically all the activity is lost 
after 5 minutes at 20°C , the total protem content remains constant 
but the viscosity increases and after standmg at 0°C for 24 hours the 
denatured, inactive protem may be filtered off 
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Inactivation and Denatnration at Various Temperatures — ^The result 
of an expenment m which solutions at pH 7 0 were heated varying 
lengths of time at different temperatures is shown m Table VH The 
loss m activity is agam accompamed by the formation of denatured 
protem It may be noted that the specific activity ([ph u ]mg 
protem N) m this experiment is low throughout and at SS°C tends to 
decrease This mdicates that the preparation already contamed 
some denatured protem and also that the separation of native and 

TABLE vn 

Inactivatuni and Denaturation of Phage Protein Solution pB 7 0 at Various 
Temperatures 

Soluboa m u/lO pH 7 0 phosphate, saturated auunomum sulfate left at 
temperatures shown and samples removed and cooled to O^C for 24 hrs after 
tune mterval shown. Samples filtered through No 42 paper at 0 C and activity 
and protem mtrogen determmed on filtrate 
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■ 
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■ 
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■ 

1 



1 2 

0 001 

: 2000 


denatured protem is not quantitative This effect was also noted m 
analyzing Lnown mixtures of native and denatured protem and renders 
this type of experiment less conclusive 
Krueger and Mundell (23) have shown that such heat mactivated 
phage may be reactivated under certam conditions Lominski (24) 
has also reported similar results This is probably a case of the re 
versal of denaturation of a protem and may furnish the explanation 
for Kendall’s (25) experiments in which it was found that active phage 
may be obtamed from autoclaved solutions 
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Hydrolysis of Phage by Various Enzymes — ^The kteratviie concerning 
the digestion or inactivation o£ phage by enzymes, especially “tryp- 
sin,” IS controversial This is probably due to the fact that crude 
trypsm preparations, which contam several enzymes, have been used 
It was found m the present work that phage was mactivated by 
chymo-trypsra (26) but not by trypsin The denatured protem is not 
hydrolyzed by either pepsin, trypsm, or chymo trypsm The effect 
of these enzymes on active and mactive phage preparations is shown 
m Table VJJl It will be noted that there is no significant change m 
the concentration of total protem mtrogen There is, however, a 
quahtative change m the protem when the activity is destroyed by 
chymo trypsm After mactivation the protem has the same proper 
ties as protem denatured by heat and may be removed by filtration 
or centrifugation There is m this case also an mcrease m viscosity 
and concentrated solutions set to a gel This action of chymo trypsm 
on the bactenophage therefore appears to be very similar to its action 
on casein (26) Dilute chymo trypsm causes milk or casein solutions 
to clot without any marked change m total protem concentration 
although more concentrated enzyme solutions do digest the protem 
The concentration of chymo trypsm required to mactivate phage so 
lutions IS very much higher than that requued to clot milk and it 
IS probable that still higher concentrations would hydrolyze the 
protein but the accurate determination of phage protem in the 
presence of such large amounts of chymo trypsm is experimentally 
difficult 

The results of a senes of expenments in which the loss m phage 
activity was compared -with the denatured protem formed is shown 
m Table IX The rate of mactivation of the phage is proportional 
to the concentration of chymo trypsm, mdicatmg a true catalytic 
reaction Shghtly more protem was denatured than corresponded 
to the loss m activity so that the protem remammg was shghtly more 
active than the original but the difference is hardly outside the ex- 
perimental error 

Sedimentation of Phage Aclmly and of the Protein in the Vltracen- 
trifuge — ^It was stated above that the preparation was found to be 
homogeneous when examined m the analytical centrifuge In the 
absence of other evidence, however, this result cannot be considered 
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sibility that the active agent is present in too small concentration to 
detect or that it did not absorb ultraviolet hght strongly A much 
more sensitive test for tlie relation of protem to activity consists m 
centnfugmg the solution m bulk and analyzmg vanous layers of the 
centrifuged solution for activity and protem The result of such an 
experiment is shown m Table X The figures show that the relahon 
of protem to activity is the same throughout the solution Hence, 
the protem and the active agent sediment at the same rate There 
was no loss of activity dunng this experiment but if the precipitate 

TABLE X 
UllracetitTtjugc 

6 5 ml phage 96-32 u/10 pH 7 6 POi 1 u(NH,),SO, 

Centntuge hrs 0-10 C R r u — 25 000 WyckoS centniuge 

SoluUon removed m layers and analyzed for protem nitrogen and phage 


activity 
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10 000 
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1 0 1 
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1 0 

e 
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10 000 

15 000 

3 

1 5 

2 5 

0 0003 

8 000 



5 0 


13 000 

SeduncQt dissolved m FO4 





pH 7 6 

2 0 

200 

0 026 

1 8 000 



300 


12 000 


13 resuspended and agam centrifuged there is considerable loss m 
activity so that tins method caimot be used as a means of purification 
The mactive protem formed m this way has approximately the same 
sedimentation constant as the active protem (Wjckoff (22)) 
Absorption of Phage Activity and Protein by Bacteria — Susceptible 
hvmg or dead bactena remove phage activity from solution With 
hvmg bactena the phage is distnbuted between the bactena and the 
solution m accordance ivith the normal distnbution law while dead 
bactena bind the phage irreversibly m accordance with the adsorption 
theory (Krueger (27)) This reaction is specific smee non susceptible 
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bacteria do not exhibit this property and furnishes a sensitive test 
for the relation of the phage activity and the protein The results of 
an experiment m which this relation is tested are shown in Table XI 
Two phage preparations were used, one (60-16) contained some inert 
protein while the second (94-25) contained less The bacteria re- 
moved relatively more activity than protein from the impure prepara- 
tion so that the solution left showed a lower specific activity than the 
original With the more active preparation the loss m activity was 
proportional to the protein removed The bacteria therefore appear 
to take up ohly the active protem Non-susceptible staphylococci or 
coh do not remove either protein or activity 
This property of removing phage from solution appears to furnish 
a very efficient method of purification but no practical method could 
be found to remove the phage from the bacteria although the phage 
may be removed by repeated washing The solution obtained in 
this way, however, is too dilute to use as a means of preparation 
Ultraviolet Absorption Spectra — ^The ultraviolet absorption spec- 
trum may be determined by direct measurement and the inactivating 
efficiency of the various wave lengths may be determined by in- 
activation experunents with monochromatic light The relative 
absorption spectra may be calculated from such mactivation experi- 
ments, as Warburg has shown If it is found that the relative 
absorption spectra for various wave lengths, as determined from in- 
activation experiments, agree with those found by direct observation 
very strong proof of the identity of the protein and the active agent 
would be obtained The necessary apparatus for such inactivation 
experiments was not available but such measurements have been 
made by Gates (28) with a closely related bacteriophage The rela- 
tive absorption spectra calculated from Gates’ measurements and that 
found with a punfied phage preparation are shown m Fig 2 The two 
curves comcide very well from 2600-2900 A u but below 2600 the 
curves diverge The direct measurement on purified phage shows 
greater absorption in this region than indicated by Gates’ inactiva- 
tion expenments This discrepancy may be due to the fact that 
Gates’ measurements were earned out with a different phage or to the 
presence of some inert material in the present phage preparation which 
absorbs strongly m this region It is also possible that light may be 
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absorbed m this region without causing inactivation The phage 
preparation used showed a specific activity of about 5000 [ph u ]ing 
N and therefore undoubtedly contained quite a large amount of in- 
active protem 

A similar discrepancy has been found in the case of urease (28a) 
and also with pepsm (28&) 

The extmctiou coefficient Aogio^ 1 cm cell^ of this solution at 



Fig 2 Comparison of relative absorption of various wave lengths of ultra- 
violet hght, as determined by direct measurement and by inactivating efficiency 


2600 A u was 2 for a concentration of 0 1 mg protem/ml The 
absorption vanes with the concentration so that this figure cannot be 
corrected to mut concentration This value is greater than that of 
most simple protems and the shape of the curve is not that usually 
found for simple protems 

The ultraviolet measurements were made by Dr George I Lavm 

Solubzhiy Deiermmahons —The precedmg expenments show that 
the protem and activity are certamly very closely related and that 
the activity appears to be a constant property of the protem Ex- 
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penence has shown, however, that a protein may behave m many 
respects as a pure chermcal compound and yet, when tested by the 
solubihty method, prove to be a mixture or sohd solution of several 
different, although probably closely related, protems There is some 
mdication m the experiments repotted above that the preparation 
contains some mert protein, since the speafic activity vanes between 



Fig 3 Solubility of phage protein (specific activity 20,000 [ph u 1 mg N) 

( 053 saturated ammonium sulfate « e ^ . e 

. „ . , , iQ the presence of increasing quantity of 

0 02 i£ sodium phosphate o n ^ 

sohd phage 


5,000 and 10,000 [ph u ]mg N and smce it was not possible to obtam 
quantitative separation of denatured and native protem Solubihty 
determinations were therefore made and it was found that the solu 
bdity mcreased rapidly as the total concentration mcreased, showing 
that the sohd phase consisted of more than one component It was 
further found that the specific activity of the solution was shghtly 
higher than that of the preapitate These results mdicated a further 
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method of punfication In the earher work the protem was precip- 
itated from dilute solution with 0 5 saturated ammonium sulfate It 
appeared from the results of the solubihty experiment that m more 
concentrated solution a large amount of activity would remam in 
solution m this concentration of ammomum sulfate and that this 
fraction would be more active Accordmgly, many attempts were 
made to prepare a concentrated solution which could then be pre- 
cipitated with 0 5 saturated ammonium sulfate The difficulty lies 
in the fact that at each preapitation more or less denatured protein 
IS formed which can only be removed by redissolvmg m water, pre- 
cipitating at 0 45 ammonium sulfate to remove the mert protem, and 
filtering The precipitate formed under these conditions cames with 
it more or less of the active protem so that agam a dilute solution is 
obtained However, two preparations were obtamed which had a 
specific activity of 20,000 [ph u ]mg mtrogen which is 2-3 tunes that 
of the matenal used in the earher experiments This material was 
soluble to the extent of at least 010 mg /ml in 0 45 saturated am- 
monium sulfate and its solubility in 0 53 saturated ammomum sulfate 
varied only shghtly with the total concentration This is a very 
ngorous test of punty and the results show that this preparation con- 
sisted largely of one component 

DISCUSSION 

The present work has shown that a substance with the general 
properties of a nucleoprotem may be isolated from lysed cultures and 
that the bactenophage activity is very closely assoaated with the 
protem The bactenophage, m common with the viruses, possesses 
the remarkable property of mcreasing when m the presence of the 
proper hvmg cells In the case of bactenophage, at least, the mcrease 
under certam conditions is autocatalytic, te , it is proportional at 
any time to the amount already present This mcrease is analogous 
in many respects to the growth of cultures of umcellular orgamsms 
and, largely for this reason, bactenophage and other viruses are as- 
sumed by many workers to be hvmg organisms This assumption 
tacitly involves the further assumption of organized cellular structure 
and of metabohsm for which, at present, there appears to be no 
evidence There is, mdeed, no proof that the phage mcreases by 
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Itself since the increase occurs only m the presence of hving cells and 
since under these conditions, the normal protems and enzymes of the 
cells are also mcreasmg In fact, it has been recently found by Kun- 
itz (29) that an extraceUular proteolytic enzyme produced by a mold 
(Pemctllium) mcreases m an analogous manner The only difference 
between the phage and “normal” enzymes or protems, then, is the 
fact that not all cultures contam it If all cultures did contam it, 
it would simply be regarded as a normal enzyme and the culture would 
be said to autolyze readily The same is true of many viruses Their 
characteristic property is not that they mcrease m the presence of 
hvmg cells, smce many other substances also mcrease, but that some 
cells, which previously did not produce any phage or virus, will do so 
after being moculated with the active agent It is possible that this 
property may be qmte general and that many substances would be 
found to mcrease when added to hvmg cells if it were possible to first 
obtam cells which did not already have some of the substance present 
A case m point is the formation of the specific pneumococcus poly- 
saccharide Griffith (30) found that under certam conditions pneu- 
mococci could be freed from their capsules and grown without forming 
any specific capsular material If capsular matenal from a different 
type IS now added the culture produces mdefinite quantities of this 
latter type For example, a Type II culture grown under conditions 
which result in loss of Type II capsule may be moculated with Type 
in capsular matenal which then mcreases in the culture The pro 
duction of antibodies may be a related phenomenon, although m this 
case the anbgen itself does not mcrease but mstead a new protem, 
the antibody, mcreases 

Gratia (38) has shown that thrombin increases durmg the clottmg 
of blood and has pomted out the analogy between this reaction and 
the production of phage The mechamsm assumed for the formation 
of bacteriophage outlmed m the foUowmg is similar to that proposed 
by Bordet (6) 

Two cases m which such autocatalytic production of a protem may 
be obtamed w vitro have recently been studied m detail An mert 
protem which does not differ in any staking way from many other 
protems was isolated from pancreas If a solution of this inert pro 
tern IS moculated with a trace of active trypsin all the mert protem 



